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ABSTRACT
The studies presented in this work relate to confor­
mational studies of polymers and biopolymers. Polyethylene 
is used as a model chain to develop a general formalism 
to characterize helical molecules with varying degrees 
of flexibility. The average projection of a unit vector 
along the last bond onto a unit vector along the first 
bond is the principal quantity calculated for modeling 
purposes. Behavior of this average projection has been 
examined for helical chains in which flexibility is 
introduced by either of two devices: random occurrence
of a configuration much different from that required 
for helix propagation and use of a square well potential 
centered at the dihedral angle utilized in a rigid helix. 
Essential features are modeled by coupled damped harmonic 
oscillators. The manner in which flexibility is intro­
duced determines behavior of the angular frequency as 
well as the relative decay rates for oscillations and 
the midpoint about which oscillations occur. Significant 
dependence on the geometrical parameters such as band 
angle and dihedral angle is also found.
Representative poly(L-proline) chains containing 
peptide bonds in the trans configuration have been 
generated using a conformational energy surface which 
successfully reproduced the unperturbed dimensions
xiii
in dilute solution. Representative chains have also 
been generated using selected portions of that surface 
in order to assess the influence of various features 
on the local conformation. Approach of the X component 
of the end-to-end vector to its asymptotic limit has 
been characterized for these same cases. In dilute 
solution, the overall configuration for chains containing 
as few as 70 prolyl residues is that of a random coil. 
Within the chain can be found a few short sequences 
which adopt a threefold left-handed helical structure 
reminiscent of that seen in the solid state. Threefold 
helices containing more than two turns are not seen 
in chains representative of the ensemble found in dilute 
solution. Helices do not extend further due to a continu­
ous bending of the chain and, to a lesser extent, because 
of the presence of occasional sharp turns. The flexi­
bility of the pyrrolidine ring plays a role in limiting 
the size of recognizable threefold helices.
Somatostatin, a hypothalamic tetradecapeptide, 
possesses a disulfide bond between the two cysteine 
residues at position three and fourteen. Experimental 
studies obtained the molar extinction coefficient 
e = 6300£/m-cm at 280.5 nm. Optical rotatory disper­
sion studies found that somatostatin possesses no helical 
content in water for both the reduced and nonreduced 
form. In SDS the total helical content for the nonreduced
xiv
form was measured to be = 10% and the reduced form 
~40%.
Monte Carlo calculations were performed in which 
elements from rotational isomeric state theory and Zimm- 
Bragg theory were incorporated. In water, calculations 
found that somatostatin contained virtually no helical 
structure regardless of whether the disulfide bond was 
intact. Additionally, it was found that the reduced 
somatostatin in SDS possessed a maximum f^ 2 0.33 and 
the nonreduced form yielded fh ~ 0.22. These numbers 
agree qualitatively with experimental results.
xv
INTRODUCTION
Macromolecule is a term originally coined by Herman 
Staudinger (1953 recipient of the Nobel Prize in Chemistry) 
to describe molecules with molecular weights greater 
than approximately 10,000.  ^ Spatial arrangement of the 
atoms in a macromolecule gives rise to configurations. 
Theory pertaining to the configurational statistics of
2—6large molecules has made great advances in recent years.
These methods were developed to allow calculation of 
Nthe fi possible states a large molecule can occupy where 
S2 is the number of possible states each bond of the mole­
cule can exist in, and N is the number of skeletal bonds 
in the molecule. This number can become very large very 
quickly. For example, a polymer of only 100 bonds, in 
which each bond can occupy only one of three possible
states, can have a total possible number of configurations
47greater than 5x10 . If we are to successfully predict
any of the average statistical properties of macromole­
cules, all possible configurations must be included in
2
the calculations. Rotational isomeric state (RIS) theory, 
as we will see, provides us with a means to accomplish 
this seemingly impossible task.
In this work, we will investigate primarily two 
molecules; poly-L-proline and somatostatin. In addition,
2however, polyethylene will be discussed in Chapter II, 
but only in an ideal sense in order to illustrate a har­
monic oscillator model used to help describe partially 
helical molecules.
Poly-L-proline is a polypeptide known to form either 
of two ordered conformations in the solid state. The
first ordered structure (Form I) is a right-handed helix
7with cis-peptide bonds. The second structure (Form
8 9II) is a left-handed helix with trans-peptide bonds. '
In dilute solution, poly-L-proline can exist with all
peptide bonds in either cis or trans conformation.^^ ^
It is also known to exist in a less extended form in
10-12 19-22concentrated solutions of several salts. '
In addition, studies show that a reversible interconver­
sion can be produced between form I and form II by changing 
solvent composition. ,'*'® In poor solvents, the con­
figuration containing cis peptide bonds predominates 
whereas configurations containing trans peptide bonds 
are predominant in good solvents.
Rotational isomeric state theory allows one to con­
struct energy surfaces. From such surfaces quantities
such as the characteristic ratio defined for polypeptides
2 2 2 as <r > /n I , where <r > is the unperturbed mean- p p p o c
square end-to-end distance for a polypeptide containing 
np virtual bonds of length £p (to be explained in greater 
detail in Chapter III) can be computed. Such an energy
323surface has been described by Nishikawa and Ooi and
24
by Mattice et al . for poly-L-proline from which the
19experimentally obtained characteristic ratio has been
accurately reproduced.
It will be the purpose of Chapter III to examine
features of this conformational energy surface for poly-
L-proline and determine the effects of various regions
of this surface on the local structure of representative
chains. This will be accomplished by looking in detail
at the averaged transformation matrix calculated from
the conformational energy surface and from examination
of the behavior of the average projection of a unit vector
along the last virtual bond onto a unit vector along
the first virtual bond.
Somatostatin is a hypothalamic tetradecapeptide
that inhibits the release of growth hormone, insulin,
25and glucagon. It has also been shown to act in the 
gut to inhibit secretion of gastrin and other gastric 
peptides.26
Somatostatin possesses a disulfide linkage between
the two cysteine residues at position three and fourteen.
In water, it has been shown to exhibit no helical con- 
27 28tent. ' In sodium dodecyl sulfate (SDS) solution,
somatostatin does show, however, a small amount of helix 
28formation. With the disulfide bond broken, the reduced 
somatostatin exhibits a 8 form at 2 mM SDS. At higher
4concentrations (10 mM) of SDS, the g form is partially
28transformed into a helix.
In order to help understand the above mentioned 
solution properties of somatostatin we will grow a 
representative ensemble of chains using Monte Carlo pro­
cedures. Chapter IV will concern itself with the details 
of this calculational technique, but briefly these cal­
culations will incorporate elements from rotational iso­
meric state theory, and the Zimm-Bragg theory for cal­
culating fraction helix (f^) of polypeptides, both theories 
being discussed in greater detail in the remainder of 
this introduction.
The rotational isomeric state (RIS) approximation 
states briefly that each molecule should be treated as 
existing in one of several discrete rotational states.
These states are usually chosen to coincide with potential
3minima. For any bond 3 oining tetrahedrally bonded (sp ) 
atoms, there are three potential minima for rotation 
of 360° about this bond. Therefore, RIS theory allows 
one to replace a continuous distribution over all rota­
tional angles <J> with a distribution over three discrete 
rotational states.
The configuration partition function is a quantity 
from which most configuration-dependent average statistical
properties such as the unperturbed mean-square radius 
2
of gyration <s > , or the mean-square dipole moment
52
<y> can be calculated. In general this function is 
given by
exp [-E (x ^  ) /RT] dx ^  (1)
(N)where x denotes the 3N Cartesian coordinates for the 
(N)system and E(x' ') is the potential energy for the system 
in the specified configuration. R and T are the gas 
constant and temperature respectively. Reexpressing 
this function in terms of its 3(n-l) internal coordinates 
and then transforming these internal coordinates into 
spherical polar coordinates consisting of n bond lengths 
Z, n-1 bond angle supplements 0, and n-2 torsional angles 
<j), we can write the classical mechanical configuration 
partition function
Z{<J>} = J***J exp (-E {<j)} /RT) d {(f>} (2)
U }
where {<£} is the set of all torsional angles. Note that 
both bond lengths and bond angle supplements are held 
constant at their equilibrium values.
In the rotational isomeric state approximation, 
the configuration partition function is given by
n-1
z u >  = e n u (3)
{0} i=2
6where the continuous distribution over c|> is replaced
by a distribution over a finite set of 4>'s and where
states are specified for all internal bonds 2 to n-1
inclusive. Note that we are restricting ourselves to
intra-molecular interactions of atoms separated by no
more than four bonds. The statistical weights U-
y Sn;i
are calculated from
U _ . = exp(-E_ -/RT)Sn;i ^ Sn;i (4)
where . = E <j>.) is the contribution to E { }
^ r ]  f x  1  X  ^  X  _L
associated with the assignment of bond i to state ri,
bond i-1 being in state E,. Details of the calculation
of E. . will be presented in Section 1-2.
K n ; i
The simplest and quickest procedure used to evaluate 
Equation (3) is to apply matrix multiplication. Consider 
a simple chain of n identical skeletal bonds connecting 
n+1 identical atoms. Each internal bond is permitted 
to occur in only one of two possible states. The statisti­
cal weights are designated and The rotational
states for the first bond is undefined but for the second 
bond we may write a statistical weight matrix as follows
?2 =
U1
U2
(5)
For all succeeding bonds we have
U11 U12
U (6)
U 21 U
where for example U^2 would designate bond i-1 being
in rotational state 1 when bond i is in rotational state
partition function Z for a molecule of three identical 
bonds is for example given by the sum of the elements 
in Equation (5).
For a molecule with four identical bonds we have 
Z being the sum of elements in the product U2U given
2. The elements are calculated by Equation (4). The
by
(7)
2
and for five bonds Z is the sum of U2U given as
8In general it can be seen that we can calculate Z for 
an n length chain of identical bonds by summing the elements 
This sum may be extracted by pre-multiplication 
with [11] and post-multiplication by col[11] where col[11] 
is a 2x1 column matrix. Therefore
of U 2Un-3
z = [ll] u 2u n "3[i[] (9)
Identical results may be obtained by rewriting U2 as
Un
L 0
U.
(10)
and reexpressing the pre-multiplication matrix by [10]. 
This yields for Equation (9)
Z = [10]U2Un“3 [J] (11)
In this formulation, the first row of elements in U are 
in general those required for U2> Using this fact and 
allowing each U matrix to have differing statistical 
weight elements, Equation (11) can in general be written
n-1
Z = J* [ n U.] J (12)
i=2 ~
5
where, using Flory's notation
9J* = [10* * *0] ; J =
1
1
L l J
(13)
The dimensions of U, J* and J are equal to the number 
of rotational states possible for each bond.
As a specific example, let's look at the calculation 
of the partition function for polymethylene. Consider 
the three-bond interaction associated with rotation about 
bond i, illustrated in Figure 1. Rotation about this 
bond produces three states, trans, gauche (+) and gauche 
(_) 2,29,30 In t^e gauc]ie (g+j conformation (cf) = 120°),
the CH 2 group of i+1 is in close proximity to the CH 2 
group of i-2. We assign this interaction a statistical 
weight according to Equation (4) as
a = exp[-Ea/RT] (14)
measured relative to a weight of units for the trans 
configuration. Methods to calculate E q are given in 
the next section. Symmetry in rotation about bond i
dictates that g has the identical statistical weight 
as g+ . The thi 
designate D is
ree-bond interaction matrix, which we
1 0  0 
D = 0 o 0
0 0 0
(15)
10
Figure 1.1 Portion of a polymethylene chain in the
trans conformation from bonds i-3 to i+4. 
Bond angles 9^ and bond rotation angle 
d>. are indicated.ri
11
Four-bond interactions, involving CH^ groups separated 
by four skeletal bonds and dependent upon two bond rota­
tion angles, has the form
V =
i t
+
g g ~
1
t i l i
+
g l CO
g ” L l CO *
(16)
where for example the four-bond interaction of i+1 with 
i-3 when bond is is in the g+ and bond i-1 is in the 
g , gives an interaction w.
The statistical weight matrix U is therefore the 
product of the three and four-bond interaction given 
by
" 1 a a
U = VD = 1 aip aw
. 1 aw acjj -
(17)
In polymethylene, calculations show that the four- 
bond interactions in g “g” conformations are negligible,
i.e., the calculated energy for such a pair of conforma­
tions approximate 2Eo in energy. For this reason, the 
four-bond interaction statistical weight ip is taken as
13
20
Values of E are usually taken at 2200 cal/mole
c pQ
which gives w-0.06. The value of E q ~ 500 cal/mole ' 
which yields o«0.54. The temperature used to compute 
all statistical weights thusfar mentioned was approximately 
room temperature or 300° K. From recent ab initio cal­
culations using self-consistent field molecular orbital 
methods, there is reason to believe that the value quoted 
above for E^ may however be too low by approximately
30
300 to 500 cal/mole, yielding too high a value for a.
From the partition function, calculated from the 
above parameters, and using Equation (12), it is desirable 
to calculate conformational probabilities. The probability 
that a given molecule occurs in a given configuration 
is equal to its statistical weight divided by the sum 
of the statistical weights for all possible configurations. 
The sum is simply the configuration partition function 
Z. Therefore
-1 n_1p ,,i = z n u c . (18)
i=2 4n;i
Let's consider the probability P^.^ that bond i 
is in state n* This probability is designated an a priori 
probability. It is equal to the quotient of the sum 
of the statistical weights for all configurations for 
which bond i is in state n, divided by the partition 
function. That is
14
V w i  = Z_1 f  [^ 2  ' hl V  ? « « »
The matrix is that obtained by striking all elements
of except those of column nf replacing the striken 
elements with zeros.
Similarly, we can define the probability that bonds 
i-1 and i occur simultaneously in states £ and n by the 
expression
P Elrri = 2-1 J* Uh ] U £n-i [ ^  ”i] € (20)~ h=2 ~n j=i+i J
where is the matrix obtained by striking all elements
of U. except for the element IK .. It is easily observed -x r ?ri;i
that
v
P . = E P r . (21)n ; x  £n ;x
where v is the number of rotational isomeric states for 
a given bond.
Conditional probabilities are easily derivable from 
a priori probabilities. We define the conditional 
probability as the probability that bond i is in
state n, given that bond i-1 is in state n. The expression 
is given as
15
(2 2 )
where Pr . and P r .- are calculated from Equations 
(20) and (19) respectively. It should be noted that 
by the definition of conditional probability, the sum
the a priori probabilities in contrast equals unity only
after summation over both indexes E, and n •
Besides a priori and conditional probabilities,
there are many average statistical properties which may
be extracted from knowledge of the partition function.
Such quantities are, for example, the mean-square un-
2
perturbed end-to-end distance <r > , the mean-square
2
unperturbed radius of gyration <s > , the mean-square
2
dipole moment <p > etc. Evaluation of these and other 
mean statistical quantities require development of genera­
tor matrices.
The simplest generator matrix to construct is one 
to calculate the chain vector r defined as the vector 
connecting the two ends of a molecule. We have r given 
as
of q ^  for a given state £ must equal unity. That is
I q ?n = I; £ = 1,2 (23)
where each bond vector is expressed in its own reference 
frame
Z ± e col(£i#0 f0) (25)
is the transformation matrix transforming bond vector 
into the coordinate system of bond vector i-1. 
is given as
T. =
cos 6^ sin 0 . 
i
sin 0. cos d>. - cos 0. cos d>. sin ch.l l
sin 0^ sin <J>^ - cos sin ^  - cos <f>^
(26)
where 9^ and <j>^ are defined in Figure 1. The bond rota­
tion angle <Jk  is taken as positive for a right-handed 
rotation when looking down the bond from atom i to i+1. 
It is measured relative to the trans conformation which
17
is taken as <(k  = 0. Since bond 1 has no predecessor, 
the y and z axes are not defined. Therefore is un­
defined and it is necessary to supply an imaginary zeroth 
bond and direct it parallel to bond 2. Therefore <fK = 0, 
and bond 1 is considered in the trans conformation.
A generator matrix A^ is used to construct the vector
31 thr between the zeroth and n atom may be written as ~o, n J
Note that this generator matrix has dimensions 4x4 since 
T is a 3x3 matrix, £ is a 3x1 vector and 0 is a 1x3 row 
of zeros. Using A^ we have
= A riA«A_***A .A . -on ~[l~2'-3 ~n-l~n] (28)
where A r, is defined as the first row of A, and A , is -[1 ~1 ~n]
the last column of A ; i.e.~n
A [L = [T £]x A i =~n]
-I'
-1
(29)
n
The square of the magnitude of the chain vector 
can be expressed as
18
r 2 = I £2 + 2 £ J,?T.T,x1 • • *T, n £.
h=l h h<k ~h ~h~h+1 -k-l~k
(30)
Twhere £^ is the transpose, or row vector of bond vector
£^, and £^ is the magnitude of this vector. The generator
2
matrix used to calculate r is
G =
-1 - T„ 2 1  T £21
0 T £
. 0 0 1 .
(31)
This matrix is of dimensions 5x5. It now follows that
r — G r. G„G_ • • *G -iG-,[l~2-,3 ~n-l~n] (32)
where
GjX = [1 2£TT £2] (33)
?n]
n
(34)
The radius of gyration s for a chain of n bonds 
in a fixed conformation is given by
2 -2 
sz « (n+1) z
0<h<k<n 'hk (35)
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This sum is over all pairs of chain atoms. Substituting 
Equation (3) into Equation (35) yields
s2 = (n+1)
’2 [ 1Lk<k-1 ?[h+l?h+2* " 5 k
The generator matrix has the f orm^
1 z 2
S. =~ l 0 G ?i
0 0 l - i
which expanded is
‘ 1 1 T 2 Z 1T *2 i 2 '
0 1
T2 Z  T *2 z 2
S . = 0 0 T Z z
0 0 0 1 l
. 0 0 0 0 l -
n 2 1Z Z*
:= 1  K -I
(36)
(37)
(38)
s2 i
matrices; i.e.,
Therefore s s given as the products of generator
20
s2 = (n+1)'2 S[1S2 -..Sn_1Sn] (39)
where S r, and S , are the first row of S. and last column~ 11 ~n] -1
of Sn respectively.
2 2Although quantities such as r and s are interesting, 
it is the statistical mechanical average over configura­
tion space of these quantities which is of greatest in­
terest since it is these average quantities which are
experimentally accessible. Therefore, it is desirable
2
to produce generator matrices whose product yields <r >,
2
<s >, and others conformational average statistical 
properties.6 '^
2
Let's consider <s > for example, although the
development will be identical for any configuration
dependent molecule property. We have
<s2> = (n+1)-2 E <r?.>
0)i<j<n 'L^
the sum being over all pairs of chain atoms. Therefore,
for a collection of n+1 articles, the mean-square distance
from their center of gravity is directly related to
the sum of the squares of the distance between every
pair of particles. For a specified configuration {<£},
2
the property s can be generated by serial multiplication
of the generator matrix defined by Equation (37). To
generate the average <s2> it is necessary to couple the
statistical weights of each bond in a given configuration
2
to the value of for that configuration. This coupling
21
can be performed using the direct product or Kronecker 
product which is defined below for two matrices C and D.
The direct product CfiD of two matrices C and D of 
orders yxy 1 and vx\)1 , respectively, is a matrix of order 
(uvjxtu'v1), It is produced by multiplying every element 
of C, c. times every element of D. That is
CSD =
It may be mentioned that multiple direct products, as 
in ordinary matrix products, is associative. That is
(AfiB)0C = AS(BSC) (41)
Before we perform the above mentioned coupling, it is 
desirable to define the pseudodiagonal matrix j |s^|| 
constructed by placing the generator matrix of Equa­
tion (37) for the various rotational states of bond i 
in diagonal array. For 3 rotational states ||S^|| has 
the form
cll? cly '?
c . D c ,Dy 1 ~  y y ' ~ (40)
where 0 is a 7x7 matrix of all zeros. Because is
a 7x7 matrix, ||S^|| is a 21x21 matrix.
In order to couple the statistical weight matrix
with ||S^|| for bond i it is necessary to expand its 
dimensions from a 3x3 to a 21x21. This is accomplished 
using the direct product. We define an identity matrix 
of order 7x7 to be a matrix with all diagonal elements 
equal to unity, all other elements being zero. Taking 
the direct product of with Ey yields
?ia?7 =
U E _ • • • U E_aa~7 ay-7
U E- U E-ya~7 YY~'
(43)
2
The generator matrix to calculate <s > is produced by 
taking the matrix product of (U^SE^) with J|S^j |, that
23
§  = (Ui»E7) | JS± [ | ; l<i<n (44)
The serial multiplication of the ^  matrices generates
~i
the product of statistical weights n{<j>} and unites this
2product as a multiplier of s for the same configuration. 
By dividing this product by the partition function Z, 
we produce the desired quantity
<s2> = (n+1) -2B  u  4  • • • 0 n_i £ n] Z"1 ,45)
where terminal matrices are given by
S[1 = J* ® S tl (46)
D  , = j a s , (47)"nj ~n] '
and where J and J* are defined by Equation (13). Other 
mean statistical properties can be calculated in an iden­
tical manner with the only change being the use of the 
appropriate configurational generator matrix in Equa­
tions (44) through (47) .
The methods thus far developed are easily extendable 
to partially helical homopolypeptides. The state of 
a polypeptide with n amino acid residues can be repre­
sented by a string of h's (helix) or c's (coil).
Application of matrix methods is most easily achieved
33 34by adopting a 2x2 statistical weight matrix '
1 os
(48)
1 s
i
where tK represents an entire amino acid residue. Columns 
of the matrix index the state of residue i, rows index 
the state of residue i-1 and the order of indexing is 
first c then h. The statistical weight s is used when 
an amino acid residue propagates an existing helix, 
os if it initiates a helical sequence and is unity if 
it exists in a random coil (c) state. The configuration 
partition function is calculated by an expression almost 
identical to Equation (12), i.e.,
If we have a homopolypeptide, the serial product of
For homopolypeptides, the statistical weight matrix 
given by Equation (48) would suffice. However, for co­
polypeptides, in which the ends of a helical segment 
of a molecule are not identical residues, this formula 
may not be sufficient. In Equation (48), the burden 
of helix initiation is placed entirely on the first
1
• • • (49)
statistical weight matrices can be replaced by LJn .
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residue of a helical segment while none of that burden 
is shared by the last amino acid residue in the helical 
sequence. Matrix schemes which assign end effects to 
each end of a helical segment have been previously 
suggested.33 3® Such a matrix is
c(c or h) he hh
c (c or h) " 1 0 h  io s
he 1 0 0
hh - 0 o^s s -
(50)
Rows index states of amino acid residues i-1 and i while 
columns index residues i and i+1. The partition function, 
using Equation ( 5 0 ) , would be given by
1
Z = (1 0 0 ) u , u 9 • • • U (1) (51)~±~z ~n o
It can be seen that a helix consisting of only one helical 
amino acid residue is not allowed with the second element 
in the top row being zero. This element would be os 
if there were no prejudice against helices containing 
only one amino acid residue. An example of a polypeptide 
chain can be seen in Figure 2. Table I summarizes the 
most current values of a and s. Scheraga and his co­
workers have determined o and s for all but three of
26
Figure 1.2 A polypeptide chain in its planar fully
extended conformation for which bond rota­
tion angles <j> and ^ are zero. Successive 
amino acid residues are indexed i-1, i 
and i+1. Virtual bonds connecting the 
a-carbon atoms of these residues are shown 
by light dashed lines. Group dipole 
moments are indicated by arrows m. Inter­
atomic distances shown refer to the planar 
conformation of the chain backbone.^
2.31 A
-2.82 A ■>K-
to
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TABLE I
Statistical Weights Used for Amino Acid 
Residues in Water—
Residue a x 10 s at 30 °C Reference—
Ala
Asp
Glu
Phe, His
Gly
Lie
Lys
Leu
Met
Asn
Arg
Ser
Thr
Val
Trp
Tyr
Gin
8
50
6
18
0.1
55
1
33
54
0.1
0.01
0.8
0.1
1
70
66
33
1.058
0.63
0.97
1.069
0.615
1.11
0.947
1.14
1.15 
0 . 806 
1.017 
0.793 
0.836 
0.97 
1.06 
0.96 
0.95
17
18
19
20 
21 
22
23
24
25
26
27
28 
29
30,31
32
33
34
—  Pro is assigned s = 0 on steric grounds.
— Reference for first amino acid residue listed,
29
the naturally occuring residues in water by using the 
host-guest approach.^ Residues for which these para­
meters have not been determined are assigned values by 
analogy to similar amino acid residues for which c and
s have been determined. The prolyl residue is, however,
57assigned a value of s=0 on sterxc grounds.
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CALCULATION OF CONFORMATIONAL ENERGIES
The success of rotational isomeric state theory 
is primarily due to the fact that the total conforma­
tional energy for a random chain usually (but not always)
can be resolved into several discrete states which depend
3-5on a consecutive pair of bond rotations- An example
can be seen in rotation about a central C-C bond in an 
"ethane like" molecule. Figure 3 depicts a rotation 
of n-butane as a function of rotation for the range 0° 
to 180°. Symmetry dictates that the rotation from 360° 
to 180° is identical to Figure 3. As seen, there will 
be a minima at 0° and around 120°. There is a third 
minima at about 240°.
In general, the energy in semiempirical calculations 
has been considered to consist of three parts: (i)
intrinsic torsional potentials, (ii) van dar Waals re­
pulsions between nonbonded atoms and groups, and (iii) 
dispersion attractions between nonbonded atoms. The
nonbonded repulsive terms are usually represented either
23 29 m
by an expression of the form ' akj?/rk2, or ^
exp(-br^^) where k,£ index the atom pair, r ^  re­
presents the distance between the pair, and a ^  and a ^  
are constants characteristic of the atom pair. The 
constants m and b are usually considered the same for 
all pairs of atoms in a first approximation. The con-
58stant m=12 is almost always adopted and b takes on values
31
Figure 1.3 The conformational energy of n-butane
as a function of the rotation angle
tf>2 about the central C-C bond. The
terminal methyl groups are presumed to
5
be fixed in staggered conformations.
4.0
3.0
1.0
20"  40°  60°  80*  100*  120*  140°  160*  180*0
y>2 w* k\
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between 4x10 ® to 5x10"® cm ^ .
The attractive intramolecular energy between non-
23 29 6
bonded atoms ' is usually represented by “c]cj/rjc£
where c ^  is a constant for a specified atom pair. This
term can be obtained from many sources, but one source
used frequently is the value calculated from the Slater-
59Kirkwood equation given as
360a .a,
°k« = -a . . 3 , <52»(-l,3* + (Js,3*
'N,
3 k
where is the polarizability of atom j and Kk is the
effective number of valence electrons. If the polariz-
°3 ° 6 —Iabilities are in A , c ^  will be in units kcal A mol
6 3Values of polarizabilities are from Ketelaar and values
of the effective number of valence electrons are given 
64by Pitzer.
The torsional term (i) is considered to be dependent 
upon the dihedral angles of internal rotation and on 
the choice of the fixed valence angles. It can be re­
presented by an expression of the f o r m ^ ' 5®
E. . . (4>.) = i  E (1 - cos 34>.) (53)torsional vi' 2 o Yi
where Eq is the height of the potential barrier against 
internal rotation and 4> is the angle through which a
34
rotation is made about any particular bond. It should 
be noted that in these calculations, the bond angles 
and bond lengths are held fixed at values obtained from 
structural analysis from X-ray crystalography, microwave
should be noted, however, that this may not always be
reduction in energy can be achieved by allowing bond 
lengths and/or bond angles to flex during torsional rota­
tion .
Combining these contributions, we have for the total
intramolecular energy associated with the specified con- 
2 3 5 58figuration ' ' ' for small n-alkanes,
The first sum includes all bonds subject to rotation, 
the second sum includes all pairs k,£ of atoms whose 
intramolecular distance depends on the separation 
The equivalent energy expression using the Buckingham
71spectroscopy and/or electron diffraction studies. It
49a good approximation. Studies performed by Pullman,
73 30Pople, and Darsey and Rao indicate that significant
Z E?/2 (1-cos 34^) + Z (a
k, £ k£' k£
(54)
potential is62
(55)
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Figure 4 depicts the energy map calculated from internal 
rotations in n-pentane using Equation (55) at 1 k cal mole-'*' 
intervals.
Although Equations (54) or (55) have been found to
give reasonable results for n-alkanes, it is not sufficient
for calculating conformational energies for polypeptides.
An additional term is necessary to represent the Coulombic
interactions between dipole moments of various groups
6 2 71in the point monopole approximation. ' This energy 
term has the form
_ 332 6k 6£
Ec,k£ e rk£ (56)
The term 6^ is the partial electronic charge assigned 
to an atomic group k and c is the local dielectric con­
stant. When rkJl is expressed in angstroms, the unit 
of energy is for E , , is kilocalories per mole. Table
C  ;  K  x.
II summarizes values of r?, a., N. and 6. used in Equa-
3 3 3 3
tions (54) through (56). Table III presents two bond 
lengths and bond angles for the most commonly found atoms 
in n-alkanes and polypeptides.
One of the more difficult problems in calculating 
the Coulombic interaction using Equation (56) is assigning
the value for the dielectric constant e. The effective
dielectric constant used in estimating Coulombic inter­
actions is problematical. Experiments on most polypeptides
36
Figure 1.4 Energy map calculated for internal rota­
tions in n-pentane, with <j>^ = = 0;
contours are shown at intervals of 
1 kcal mole ^ . Minima are indicated by
180
120
e<*
> 5 >5
-180 -1 2 0 -6 0 0 60 120 180
u>
-J
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Figure 1.5 Three dimensional energy surface for 
internal rotations in n-pentane, with
= 0. This energy surface corres­
ponds to the energy contour shown in 
Figure 1.4.
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TABLE II
Parameters Used in Energy Calculations 
o
or Group
3
(A)
3
o 7
(A )
H 1. 20 0.42
H 1.20 0.42
C 1. 70 1.30
C 1.70 0. 93
N 1. 55 1.15
0 1.50 0 .84
CH2 1.85 1.77
Nj (Electronic Charges)
0.9 0.281
0.9 o « o
5 0.394
5
o
*
o
6 -0.281
7 -0.394
7 0.0
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TABLE III
Geometrical Parameters of Peptide Units
Bond Length Bond Angle
(A) (deg)
0-C ;a 1.44 O-C -C;a 110
C -C;a 1.54 C-C^-C; 112
C -H ;a a 1.00 C-Ca-H; 110
C-0; 1. 34 C-O-C ;a 113
C=0; 1.22 C -C-0;a 121
N-H; 1.00 C-N-H; 123
C-N; 1.32 C-N-C ;a 123
N-C ;a 1.47 N-C -C;a 110
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are necessarily conducted in polar solvents, usually
2 5water. It is hypothesized ' that the multipolar array 
of charges, or dipoles, chosen to represent the electronic 
asymmetry is largely shielded from the bulk solvent of 
high dielectric constant by the associated groups of 
the polypeptide. Also some shielding may result from 
solvent molecules complexed through hydrogen bonding 
to amide groups. The effective dielectric constant inter­
actions between neighboring pairs of peptide units of 
a polypeptide chain may therefore be expected to approxi­
mate the dielectric constant of the chain rather than 
the bulk solvent. Therefore, the value chosen for e
62 71for polypeptides is usually in the range 2.5 to 4.0. '
The values for the van der Waals radii given in
O
Table II are 0.10 A smaller than values used in the cal­
culation of the various energy terms. Thus the value 
rk& = rk + r° + usually use<  ^ f°r the intramolecular
distance between atoms k and I. The rational for this
62 71
choice of r ^  is presented by Brant, et al. ' Basic­
ally however, it was found that when the energy terms
12 6 a. ./r. 0 and -c. „/r, 0 are summed for each atom pair,
1 J  Jc f JC. iC f 36
the minimum in the energy was achieved at a distance
O
of 0.20 A greater than the combined van der Waals radii
of atoms k and I. Figure 6 shows a contour map of the
conformational energy of poly-L-alanine at 1 k cal mole ^
intervals using Equation (55) with the additional energy
term E , of Equation (56) added to the expression.
G  , K  36
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Figure 1.6 Contour map of the conformational energy 
of the poly-L-alanine chain as calculated 
from Eq. (56). The absolute minimum at 
X corresponds to 0.56 kcal./mole of 
peptide units; the contour interval is 
1 kcal./mole of peptide units relative 
to this minimum.^
I 
de
g
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METHOD OF MONTE CARLO CALCULATIONS
We have thus far in this work looked at calcula­
tions of average conformational properties of macro­
molecules using rotational isomeric state theory. As 
we have seen, this method is particularly attractive 
when the desired physical property of interest are func­
tions of its spatial configuration expressible as a series 
of vector or tensor quantities. These contributions 
must be summed over all bonds, bond pairs, or tensors 
according to the property desired. The most versatile 
method, as we have seen, for evaluation of sums of this
g
nature employs a matrix generation technique. There 
are many circumstances, however, where the desired 
property cannot be easily expressible in the rotational 
isomeric state approximation. For example, it would 
be difficult to incorporate long range intermolecular 
or intramolecular effects into a generator matrix formula­
tion. However, some success has been achieved by 
74 75Mattice ' in this regard. When a large number of 
states must be taken into account, however, the dimensions 
of the generator matrix becomes prohibitively large.
This may even be true when only short range interactions 
are being studied if a very large number of states are 
needed to successfully account for the desired physical 
property under study. A technique is available, using
46
Monte Carlo formalism, to allow one to calculate various 
statistical mechanical properties of macromolecules which 
are not accessible to generator matrix formation. Un­
fortunately, a large amount of "real" computer time is 
generally required in these calculations because large 
numbers of chains must be grown with the proper weighting, 
before the desired properties can be extracted with the 
accuracy desired.
Monte Carlo procedures are used for estimating the
values of multi-dimensional integrals by sampling with
6 5“ 6 7the aid of random numbers. The nature of Monte
Carlo techniques makes them ideally suited for calcula­
tions of equilibrium statistical mechanics. Among the 
integrals of greatest interest are those of ensemble 
averages of mechanical quantities given by an expression 
such as
where P{£|} is the ensemble's probability density function 
with coordinates given as E,.
A particular example of a statistical mechanical 
average is the average potential energy where the potential
(57)
Nenergy depends on the configurational variables q of
N particles. Thus
47
<E> = f E(qN )P(qN )dqN
(q>
(58)
where
N,
P ( q N ) = exp[-E(g )/kT] (59)
and where Z is the configuration integral given as
Z = exp[-E(qN )/kT] dqN (60)
In order to evaluate the integral of Equation (58),
it is necessary to generate random numbers used to produce
Nappropriately distributed configurations (q ) of N parti­
cles subject to an appropriate interaction potential.
It is desirable to use as few particles as possible to 
accomplish the desired calculations. For this reason, 
it is necessary to incorporate "important sampling" techni­
ques .
The procedure usually adopted is to produce a Markov 
chain^'®®'®^ of sample configurations instead of random 
independent samples. Simply stated, a Markov chain can 
be thought of as a molecular chain in which each atom 
k of the chain is added to the chain in a configuration 
dictated by its conditional probability calculated from 
its corresponding Boltzmann factor exp(-E^/RT). The
48
conditional probabilities are those described in Equation
N(22). Therefore the probabilities P (q ) of Equation
(58) are proportional to the conditional probabilities 
so that we are sampling from the Boltzmann distribution 
of states instead of the entire configurational space.
Generating a set of random numbers is imperative
for producing accurate results using Monte Carlo techni­
ques. When using digital computers, however, it is usual 
to obtain pseudo-random numbers since the numbers generated 
are from some mathematical relation and the same sequence 
of numbers can be generated by starting with the same 
"seed" number.
A typical expression used to generate numbers is
Xi+1 = axi + b(mod c) (61)
where a, b, and c are suitably chosen constants and mod c
is the remainder after an appropriate division operation. 
For digital binary computers, such as the IBM 360/370
j?
series, c is usually taken as 2 , where & is the computer 
word length. The IBM subroutine RANDU uses the specific 
expression
Xi+1 = 65'539 xi + (mod l 3 2 ) (62)
It was found that this generator performed well in a
49
65pairs test but failed drastically in a triples test.
A better number for a was found to be 54,891.
It may appear that the choice of a is haphazard.
70However, Coveyou and Macpherson arrived at a set of 
rules that provides guidelines in choosing appropriate 
parameters for a random number generator. The four basic 
rules are:
(i) a must be sufficiently large,
(ii) the binary representation of a should 
contain a reasonable number of ones,
(iii) a should not be close to a simple rational
multiple of c,
(iv) a should not ]pe close to a simple rational
multiple of c^.
If these rules are followed, multiplicative congruences 
works quite well for computers with large word lengths 
and generates excellent pseudo-random numbers for use 
in Monte Carlo calculations.
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CHAPTER II
A HARMONIC OSCILLATOR MODEL FOR 
FLEXIBLE HELICAL MOLECULES
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The end-to-end vector is an easily calculated
1 2configuration-dependent property of a chain molecule. '
Averages of the components, when expressed in a coordinate
system affixed to the first two bonds in a chain,"'' define
a persistence vector, an . The X component can be related
to the persistence length of the Porod-Kratky wormlike 
3-5chain. Particularly interesting examples of an are
provided by flexible chain molecules in which short- 
range interactions tend to propagate a helical conforma­
tion. In such chains, an may oscillate as it approaches 
a^, The average projection of a unit vector along the 
last bond onto a unit vector along the first bond, denoted 
<A >, provides a simple characterization of the approach
X X
7
of a to a . Brant and Burton found <A > for amylose ~n xx J
and dextrose chains oscillates at small n. Oscillations
diminish, and eventually disappear, as n increases.
Concern here is with two asoects of <A > in simple,xx
predominantly helical chains. The point of departure 
is a simple chain in which all bond angles are 112° and 
all internal dihedral angles are 120° (in the convention 
where 0° denotes a trans placement). The chain is then 
a rigid gauche helix, and <A > oscillates indefinitely
X X
as n increases. Flexibility is introduced by two pro­
cedures. Trans states occur randomly in the first
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method. When occupancy of trans states is small, this 
procedure provides a simple model for a chain in which 
precisely helical segments are joined at bonds occupying 
a rotational state much different from the one required 
for helix propagation. The second method retains all 
bonds in gauche states, but relaxes the definition of 
this state. Here gauche states are randomly distributed 
over the range 120° ± A0. The perfect helix becomes 
continuously disordered as A<j> increases. Certain aspects 
of the behavior of <A > are found to depend on the method
X X
by which flexibility is introduced.
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CALCULATIONS
A right-handed coordinate system is affixed to each
bond. The X axis runs along bond i from chain atom i-1
to chain atom i, and the Y axis is in the plane of bonds
i-1 and i such that there is a positive projection of
1 2Y onto the X axis of the preceding bond. ' In establish­
ing a coordinate system for the first bond, an imaginary 
zeroth bond is envisioned such that there is a trans 
placement about bond 1. Average projection of a unit 
vector along bond n onto a unit vector along bond 1 is
<Axx> = row (1,0,0) • •Tn_1> col{l,0,0), (1)
where statistical mechanical averages are enclosed in 
angle brackets and T^ denotes the transformation matrix 
for bond i. Simple chains dealt with here are considered 
to have bonds which are subject to the same rotational 
potential and behave independently, yielding
<Axx> = row(1,0,0) <T>n  ^ col(1,0,0) . (2)
With constant bond angle supplement, 0, the average trans­
formation matrix is
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C O S  0
<T> = sin 0 <cos <f)> 
sin 0 <sin <{>>
sin 0
■cos 0 <cos (j)> 
■cos 0 <sin <j)>
<sin <}>> 
-<cos 4>>
(3)
When flexibility is introduced by letting the a priori 
probability for a trans placement at an internal bond 
be p^ ., the trans placements being randomly distributed,
<cos <J>> = P t  +  (1 -  P t ) cos 4>g+ (4)
<sin <j>> = (1 - pt) sin (5)
where $ is the dihedral angle for a gauche placement. 
When flexibility is introduced by letting all in the 
range (J>g+ ± A<f> be equally probable,
<cos (J>> = (2A<(>)  ^ | cos cj) d<j> (6)
<sin tj)> = (2 Acf>)  ^ | sin 4> d<)> (7)
with integration limits being <|> + ± A<f>.
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RESULTS AND DISCUSSION
Significance of Chains with 4j + 1 Bonds
If trans placements were completely absent, <AXX> 
would exhibit a pattern which propagates indefinitely 
as n becomes infinite. In contrast, when pt is 0.0015,
<A > shows a general decay, and, for n much larger than
XX
that depicted in Figure 1, <A > eventually decays to
X X
zero. Features reminiscent of a gauche helix are clearly 
recognized as this decay progresses. There is a tendency 
for a near repeat at every fourth bond, and there are 
also patterns of longer range, as shown by local minima 
(based on sequences of four bonds) for n of about 30 
and 80. There is also a tendency for the amplitude of 
the overall curve to decrease as p increases from 0.0015 
to 0.0030 and 0.0120. This can be seen if attention 
is focused on the local minima for n at about 80. Figure 
1 shows the amplitude < ^ x x > to be about 0.75 at n  ^ 80 
for p = 0.0015. Figures 2 and 3 show <A > to be
L  X X
respectively 0.60 and 0.35 when p^ . is 0.00 30 and 0.0120 
respectively.
Origin of the most interesting features becomes 
apparent when calculations are extended to much longer 
chains. Solid symbols in Figure 4 denote <A > for chains
XX
containing 4j + 1 bonds. These symbols pass through
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Figure 2.1 <A > for chains with 0 = 68°, <t> . = 120° — --------- xx ' g+
and pt = 0.0015.
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Figure 2.2 <a  > for chains with 6 = 68°, <J> = 120°Q T
and pt = 0.0030.
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Figure 2.3 <A > for chains with 0 = 68°, d> = 120' — ■“-------- xx ’ g+
and pt = 0.0120.
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Figure 2. <A > for chains with 0 = 68°, cJj . = 1 xx ^g+
and pt = 0.0015. Filled spaces denote 
chains containing 4j + 1 bonds.
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a minimum at j = 26 and attain a maximum when j is 52.
The amplitude achieved at j = 52 is less than the amplitude 
of unity attained when j was zero. if Figure 4 were 
shaded to highlight chains containing 4j + 2 bonds, shaded 
symbols would pass through a maximum at j = 12 and a 
minimum at j = 39. The damped cosine nature of the curve 
would still be apparent. Chains with 4j + 3 and 4j +
4 bonds also have these features. Emphasis will be placed 
on chains having 4j + 1 bonds because the chain having 
an amplitude of unity belongs to this family. Every 
chain containing 4j + 1 bonds would have <A > = 1 if
XX
bond angles were tetrahedral and all dihedral angles 
were 120°.
Chains Containing Trans Placements
Figure 5 depicts <A > for longer chains in which
XX
n is 4j + 1. The amplitude decreases at successive local 
maxima when pfc is 0.0015. Consequences of an increase 
in pt depend on the size of that increase. If pt is 
doubled to 0.0030, the same number of local maxima is 
observed in the range for which results are depicted 
in Figure 5. However, maxima are always lower than those 
seen when p^ _ was 0.0015, and they are shifted to large 
n. If p. is quadrupled to 0.0120, <A > becomes in-
t XX
distinguishable from zero before n reaches 1000.
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Fiqure 2.5 for chains containing 4
X X
e = 68°, <f>g+ = 120°, and pfc = 
and 0.0120.
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The first objective is description of heights and
spacings of local maxima in Figure 5. A simple harmonic
oscillator provides a successful model in the limit as 
p^ . goes to zero. The differential equation describing 
a simple harmonic oscillator is
m^ d2y/dt2 + kQy = 0  (8)
and the solution is
y = A cos(u t + 0 ) (9)J o o
where A, m^, kQ , t, y, to , and 9q are, respectively, 
the maximum amplitude, mass, force constant, time, dis­
placement from equilibrium, angular frequency, and initial 
phase constant. The angular frequency coQ is (kQ/m^) .
When pt is zero, behavior of local maxima for families 
of curves with 4j + i bonds is modeled with A = 1, 0 Q  =
(i—1) tt/2, and w t = 27r(n-l)/n , where n is the
o vi vi°
number of bonds par cycle.
Local maxima are described by a damped harmonic 
oscillator
d2y/dt2 + 2y dy/dt + oj2y = 0 (10)
when p^ . is nonzero but still small. Here y is the damping
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coefficient. The oscillator is critically damped when
Y = id , and the solution is then o
y = A exp(-yt) [yQ + (vQ + yQ)t] (11)
where yQ and v q are the initial displacement and velocity, 
respectively. The curve for p = 0.012 in Figure 5 
demonstrates an approach to critically damped behavior.
The oscillator is underdamped when y < w , and the 
solution then becomes
y = A exp(-yt) cos(w^ ± 0 ) (12)
where is the angular frequency as given by
wf = (jj - y . (13)1 o
Height of local maxima at small p^ can be described by 
Equation (12) upon substitution of k^pt for y ,  n-1 for
t, and 2 t t / h  for w, , where n denotes the number of bondsv 1 v
per cycle.
<Axx> = A exPE"k]_Pt <n-1H  cos [ 2 tt (n-1)/nv+0Q] . (14)
Figure 6 depicts £n<A > vs. p (n-1) at the first local
X X  u
maximum, for five values of p^. Linearity can be seen
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Figure 2.6 Amplitude after one cycle vs. the product 
P t (n-1) for several values of p^.
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for all values of less than about 0.012. Figure 7
is similar to Figure 6 except that Figure 7 depicts not
only the first local maximum but also the second and
third local maxima for serial p^. In both Figure 6 and
Figure 7, all points fall on the same line as required
by Equation (14). If ui in Equation (13) is replaced
by 2ir/n , we have J v,o'
(l/nv)2 = d / n v^0)2 - (klPt/2TT)2 . (15)
2 2 Figure 8 depicts 1/n^ as a function of pt> A linear
relationship is obtained at small pt . However, the slope
in the linear region is almost twice as negative as that
predicted by Equation (15). The underdamped harmonic
oscillator correctly predicts that ny increases as p^ .
increases, but it underestimates the size of the change.
Equations (14) and (15) account qualitatively for 
the frequency of oscillations and the height of local 
maxima as a function of p^.. In order to also describe 
behavior between local maxima, recourse can be made to 
a damped harmonic oscillator viscously coupled to a second 
freely moving mass.
d 2y/dt2 = - ky - \(dy/dt - dy'/dt) (16)
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Figure 2.7 at several local maxima as a functionX X
of pt (n-l). Circles, squares, and triangles 
denote the first, second, and third local 
maxima, respectively.
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m- d 2y/dt2 = -A(dy'/dt - dy/dt) (17)
The viscous coupling constant is denoted by A. Solving 
these two equations simultaneously yields
d 3y/dt3 + (A/m^) (1 + it^/n^) d2y/dt2 + (k/n^) dy/dt
+ (Ak/m^m2)y = 0 . (18)
A general form of a third order homogeneous differential 
equation is
d3y/dt3 - (Z1 + Z2+Z3) d2y/dt2 + ( Z - ^ + Z ^ + Z ^ . j )  dy/dt
- Z1Z2Z3y = 0 , (19)
where the solutions, Z., take the form
i
Z^ 2 = -y + iw (20)
Z3 = -a (21)
From Equations (18)-(21) we obtain
Am^d + m1/m2) = 2y + a (22)
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(23)
(24)
The most general form of the solution to Equation (18) 
is
y(t) = exptZ^t) + C 2 exp(Z2t) + exp(Z3 t) ,
(25)
which, with Equations (2 0 ) and (21), and Euler formulae, 
becomes
y(t) = A exp(-yt) cosfut + 9) + B exp(-at) (26)
where A, B, and 0 are constants determined by initial 
conditions and y, a, and oi are three independent parameters 
definable through Equations (22)— (24). Making substitu­
tions identical to those made to obtain Equation (15), 
along with the substitution a = ^2pt' Ec3uat -^on 126) can 
be written as
<Axx> = A exp [~k1pt (n-1) ] cos [ 2tt (n-1)/nv+0 ]
+ (1-A) exp[~k2Pt (n-1)] (27)
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The constants k^ and k2 can be determined with the aid 
of Figure 9. The distance from line C of Figure 9 (the 
midpoint about which oscillation occurs) to line A of 
that Figure is depicted as line D in Figure 10. Per­
forming similar measurements for pt = 0.0010, 0.0015,
0.0028, and 0.0040 leads to lines A, B, C, and E, 
respectively, in Figure 10. Slopes of these lines are 
depicted, as a function of p^, as line I of Figure 11.
The slope of line I is The amplitude of curve C
of Figure 9 is plotted as a function of n-1 in line 4 
of Figure 12. Lines 1, 2, 3, and 5 of Figure 12 are 
generated in like manner for pt = 0.0010, 0.0015, 0.0020, 
and 0.0048, respectively. Slopes of these lines are 
shown as functions of p^ _ by line 11 of Figure 11. The 
slope of line 11 is -k2 « For a bond angle of 112°,
(J>t = 0°, and $ - 120°, k^ and k 2 are 0.955 and 1.045,
respectively. Nonidentity of k^ and k 2 signifies different 
decay rates for oscillations and the midpoint about which 
oscillations occur. The constant A in Equation (27) 
is found to be 0.6 55 from the intercept in either Figure 
10 or 12.
Figure 13 depicts behavior of Equation (27) for 
p^ = 0.0010, 0.0030, and 0.0120 when A, k^, and k2 are 
assigned values described above. Comparison with Figure 
5 demonstrates that the viscously coupled damped harmonic 
oscillator successfully captures behavior at low p^ _.
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Figure 2.9 <A__..> for chains containing 4i + 1 bonds,
X X
0 = 68°, 4> = 120°, and p = 0.0030.
Curves A and B connect local maxima and 
minima, respectively. Curve C is drawn 
midway between A and B.
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Figure 2.10 Distance from line C to line A in plots 
of the kind depicted in Figure 2.9 when 
pt has the following values: A, 0.0010;
B, 0.0015; C, 0.0020; D, 0.0030; E, 0.0040.
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Figure 2.11 Dependence upon p of the slopes of lines 
in (I) Figure 2.7, (II) Figure 2.12.
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Figure 2.12 Amplitude at line C in plots of the kind 
depicted in Figure 2.9 when p has the 
following values: 1, 0.0020; 2, 0.0015;
3, 0.0020; 4, 0.0030; 5, 0.0040.
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Figure 2.13 y(t) as a function of t from Equation (26), 
as a model for chains in which flexibility 
arises from the random occurrence of trans 
placements. Curves A, B, and C correspond 
to p^ of 0.0015, 0.0030, and 0.0120, 
respectively.
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This model breaks down as pt rises above 0.01, as can 
be seen by a detailed comparison of curves for = 0.012 
in Figures 5 and 13. Oscillatory behavior at such large 
Pt is of comparatively little interest because oscilla­
tions are quickly damped out.
The ratio k/m^ can be calculated from Equation (23) 
using a, y, and the frequency specified by Figure 5.
The ratios A/m^ and ir^/m^ can then be obtained via Equa­
tion (22) and (24). Results are summarized in Table
1. As expected, with increasing flexibility, the effective 
"drag" mass, force constant, and viscous coupling constant 
all increase relative to m ^ .
Chains With Square Wells at Gauche States
Figure 14 depicts <A > for chains containingXX
4j + 1 bonds when flexibility is introduced by having 
dihedral angles randomly distributed in the range 120°
+ A . Several similarities with Figure 5 can immediately 
be noted. A damped wave is evident, and, for an increase 
in chain flexibility, there is a decrease in amplitude 
at a given local maximum. Close inspection reveals that 
there are also differences in behavior of <A > in Figures
X X
5 and 14. This contrast is most readily apparent if 
attention is directed to the frequency of oscillations.
In Figure 5 the frequency of the oscillations decreases 
(spacing of local maxima increases) as pfc increase, but
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Figure 2.14 for chains containing 4j + 1 bonds,
X X
0 = 68°, 0 = 120°, and the indicated A<j>.
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in Figure 14 the frequency is independent of A<t> for A<J> less 
than 20°.
Behavior depicted in Figure 14 can be modeled by 
the damped harmonic coupled oscillator with modification 
only in the manner a and y of Equation (26) are calculated. 
Connection of local maxima and minima in Figure 14, exactly 
as was done in Figure 9, and construction of a figure 
similar to Figure 10, yields Figure 15. Lines A, B,
C, D, and E of Figure 15 correspond to A<J> = 2.0°, 5.0°, 
7.0°, 9.0°, and 12.0° respectively. Extrapolations of 
these lines to the amplitude axis shows that they intercept 
at five different values ranging from 0.651 for A<{> =
2.0° to 0-620 for Acf) = 12.0°.
Figure 16 depicts the manner in which slopes of
lines A through E of Figure 15 depend on A<J>. The line
2
through the points is calculated as x = p.^ y where x 
is A<j>, y is the slope, and p^ has the value -9.04. Con­
struction of a figure in the exact manner of Figure 12 
yields Figure 17 in which lines 1 through 4 correspond 
to A<j> = 2.0°, 5.0°, 7.0° and 9.0° respectively. Note 
that the intercept with the amplitude axis yields values 
between 0-348 for A4> = 2.0° to 0.359 for A(f> = 9.0°. When 
the slopes of Figure 17 are plotted vs. A<J>, in like manner 
to Figure 16, a parabola is again obtained as seen in 
Figure 18. Again x is A(j>, y is the slope and the para­
meter P 2 is -9.12. It should be noted that p^ and p 2
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Figure .15 Distance from line C to line A in plots 
of the kind depicted in Figure 9 when 
A(f)g+ has the following values: A, 2.0°,
B, 5.0°; C, 7.0°; D, 9.0°; E, 12.0°.
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Figure 2.16 Dependence upon A<f> of the slopes following
2
the equation (Acf>) = (-9.04) (slope).
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Figure 2.17 Amplitude at line C in plots of the kind 
depicted in Figure 2.9 when has the
values: 1, 2.0°; 2, 5.0°; 3, 7.0°; 4, 9.0°.
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Figure 2.18 Dependence upon Acf> of the slopes following 
the equation (A<J>)2 = (-9.12) (slope).
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are analogous in effects to k^ and k£. Both a and y in 
Equation (19) are obtained by solving the appropriate 
parabolic equation for y, with x corresponding to A<f>.
With the above substitutions, Equation (26) yields curves 
A, B, and C of Figure 19 for A<j> of 5°, 10° and 20°. These 
curves have the identical features seen in Figure 14. 
Collected in Table I are k/m^, X/m^, and i^/m^ obtained 
using Equations {22)— (24). All three ratios increase 
when the square well becomes larger.
Change in Model Parameters with Geometry
Lines in Figure 20 are constructed in like manner 
to those in Figures 10 and 12. These lines are, however, 
when d> . is 125° instead of 120°. The lines labeledg +
A, B, and C are drawn from plots of the distance from 
the exponential decay of oscillations of number of bonds -1 
vs. amplitude (line similar to curve A of Figure 9) to 
the line drawn through the midpoint of these oscilla­
tions (similar to line C of Figure 9) for various values 
of p^ .. Lines 1, 2, and 3 are from plots of the distance 
of the midpoint of oscillations (similar to line C of 
Figure 9) to the axis when the amplitude equals zero, 
for several values of pt . when a plot is made of the 
slope of lines A, B, and C of Figure 20 vs. p^ _, line 
II of Figure 21 is produced. A plot of the slope of 
line 1, 2, and 3 vs. p^ . produces line I of Figure 21.
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Figure 2.19 y(t) as a function of t, from Equation (26), 
as a model for chains in which flexibility 
arises from square wells centered at gauche 
states. Curves A, B, and C correspond to 
A(Jj values of 5°, 10°, and 20°, respectively.
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TABLE I
Parameters Deduced From the Harmonic Oscillator Model
pt A<J>, deg a Y 0) k /m 1 X/m^ n^/m.
0.0015 0 0.0014 0.0016 0.0307 0.00104 0.0033 2.60
0.0030 0 0.0029 0.0032 0.0305 0.00114 0.0069 2.88
0.0120 0 0.0115 0.0126 0.0256 0.00146 0 .0303 4.72
0 5 0.0008 0.0008 0.0308 0.00095 0.0016 2.00
0 10 0.0034 0.0033 0.0308 0.00098 0.0069 2.13
0 20 0.0135 0.0134 0.0308 0.00149 0.0302 2.98
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Figure 2.20 Lines A, B, and C are in like manner to
same lines in Figure 2.10 for values of
pt = 0.0010, 0.0030 and 0.0060 with
6 = 68° and $ = 125°. Lines 1, 2, and
3 are in like manner to same lines in
Figure 2.12 and same values of p^ ., 0 and
d> , as above. vg+
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Figure 2.21 Dependence upon p of slopes of lines 
in II and I of A, B, 0 and 1, 2, 3, 
respectively in Figure 2.20.
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Figure 22 is produced in identical manner to Figure 
20 when <j> = 115°. Slopes of the lines A, B and C when
plotted against pfc produces line II in Figure 23 and 
plots of lines 1, 2, and 3 similarly produce line I of 
same f igure.
When the bond angle is changed from 112° to 115° 
and 6g+ is set at 120°, Figures 24 and 25 are produced. 
Similarly, plots of the slope of lines A, B, and C vs.
Pt produces line II whereas lines 1, 2, and 3 give rise 
to line I of Figure 25. The various parameters k2
and A produced from changes in either the bond angle 
or dihedral angle is summarized in Table II.
One final point should be noted. In Figures 11 
and 23, line I has less slope than line II. However, 
in Figure 21, line II has the smaller slope. This implies 
that at some <|> between 120° and 125°, with 0 = 112°, 
the slopes are identical. Therefore, in a plot similar 
to Figure 9, the decay of the oscillations is identical 
to the decay of the centroid of those oscillations and 
would thus yield = k2 in Equation (27).
Although a complete geometrical study was not under­
taken in this work, there is good reason to believe that 
analytical relationships could be established between 
the bond angle 0, the dihedral angle <j> and the various 
parameters of Equation (27) such as k^, k2 or for p^,
P2 in the case of the square wells at gauche states.
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Figure 2.22 Lines A, B, and C are in like manner to 
same lines in Figure 2.10 for values of 
Pt = 0.0010, 0.0030, and 0.0060 with 
0 = 68° and 0g+ = 115°. Lines 1, 2, and 
3 are in like manner to same lines in 
Figure 2.12 and same values of pfc, 0 
and d) , as above.g+
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Figure 2.23 Dependence upon p of slopes of lines in
II and I of A, B, C and 1, 2, 3, respectively 
of Figure 2.22.
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Figure 2.24 Lines A, B, and C are in like manner to
same lines in Figure 2.10 for values of
p^ _ = 0.0010, 0.0030, and 0.0060, with
6 = 65° and <f> . = 120°. Lines 1, 2, and g+
3 are in like manner to same lines in 
Figure 2.12 and same values of pfc, 9 and
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Figure 2.25 Dependence upon p^ _ of slopes of lines in
II and I of A, B, C and 1, 2, 3 respectively 
of Figure 2.24.
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TABLE II
Changes in Model Parameters with Geometry
(deg) (deg) k 1 k 2 A
112 120 0.955 1.045 0.655
112 125 1.048 1.108 0.680
112 115 0.999 0.809 0.618
115 120 1.040 0.809 0.618
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If such a study was pursued, it could eliminate the 
necessity for plots such as in Figure 9.
Contrasts in Behavior of the Two Types of Flexible Chains
The angular frequency, w, does not show any shift 
for A<|> values cited in Table I. This result is in con­
trast to that seen when flexibility was produced by random 
introduction of trans placements. Of all parameters 
discussed here, ui is most sensitive to the manner in 
which flexibility is introduced into the helix. A second 
distinction lies in the behavior of a and y. These two 
terms are nearly identical if flexibility is introduced 
by opening up the square well. Under these circumstances 
there are nearly identical decay rates for the midpoint 
about which oscillations occur and for the oscillations 
themselves. When flexibility is introduced via trans 
placements, y is about 10% larger than a. Oscillations 
then decay somewhat more rapidly than does the midpoint 
about which oscillation occurs.
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CHAPTER III
LOCAL CONFIGURATION OF POLY(L-PROLINE) IN DILUTE SOLUTION
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Poly(L-proline) forms either of two ordered conforma­
tions in the solid state. Form I is a rather compact 
right-handed helix in which peptide bonds adopt the cis 
configuration,'*' and Form II is a comparatively extended
left-handed helix containing peptide bonds in the trans 
2 3configuration. ' In dilute solution there is a pro­
nounced tendency for all peptide bonds to adopt the same 
4-10configuration. A reversible interconversion between
the two forms can be produced by appropriate changes 
in solvent composition.^ ^ ^  The configuration containing 
cis peptide bonds is favored in poor solvents. The ten­
dency for aggregation in these solvents has prevented 
an extensive physical characterization of the solution 
conformational properties of Form I. Good solvents support 
the chain configuration containing trans peptide bonds. 
Samples with weight-average molecular weights ranging 
from 4000 to 10000 have been studied in five solvents 
which favor the form containing trans peptide bonds. 
Behavior of the intrinsic viscosity over this molecular 
weight range demonstrates that the overall configuration
is that of a random coil in a good solvent. The asymptotic
2 2
limit for the characteristic ratio, C = <r >0/nplp^ is
found to be 14 in water and 18-20 in three organic solvents 
11 2at 25 C. Here <r > Q  denotes the mean square unperturbed
end-to-end distance and n is the number of virtual
P
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bonds of length 1 . Virtual bonds extend from Ca of
P
Ctresidue i to C of residue 1 + 1. They have length 380 
12pm.
Measured characteristic ratios are rationalized
by a conformational energy surface which incorporates
13consequences of flexibility in the pyrrolidine ring.
The major feature in the conformational energy surface
is an area of low energy which includes the conformation
adopted by a prolyl residue in the solid state. This
low energy region has an extension of about 80° for the
Ca - C ' dihedral angle, \p, and an extension about half
as large for the Ca - N dihedral angle, cjs. The limiting
characteristic ratio for poly(L-proline) would have been
near 30 if this region were the only accessible feature
on the conformational energy surface. However, there
is a second, more restricted, and somewhat higher, energy
minimum displaced from the major minimum by about ISO0.
This second feature of the conformational energy surface
causes the computed characteristic ratio to move into
the range defined by experiment. These results clearly
demonstrate that the unperturbed dimensions of poly(L-
proline) in solution demand occasional occupancy of a
second region of low energy on the conformational energy
surface. The necessary reduction in unperturbed dimensions
might also be supplied by the presence of a few randomly
14located cis placements about the peptide bond,
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particularly in aqueous solution.^ However, random
cis placements are not observed in organic solvents,
such as trifluoroethanol, ^  in which the characteristic
ratio is 18-20.^
One objective here is examination of the manner
in which features of the conformational energy surface
13described by Mattice et al. affect the local structure 
of representative poly(L-proline) chains. Special atten­
tion will be given to the extent to which the local 
structure of the chain in solution retains a threefold 
helical conformation reminiscent of that adopted in the 
solid state. A second objective is characterization 
of the behavior of the average projection of a unit vector 
along the last virtual bond onto a unit vector along 
the first virtual bond. Where possible, this average 
projection vector will be related to the harmonic oscilla­
tor model for helical molecules discussed in the previous 
chapter.
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CALCULATIONS
Bond lengths and angles between bonds are depicted
in Figure 1, and the conformational energy surface is
depicted in Figure 2. This conformational energy surface
13differs from the yl map described by Mattice et al. 
only in adoption of the convention in which dihedral 
angles become zero in the fully extended polypeptide 
chain. Representative chains were generated using a 
pseudo-random number generator and the assumption that 
prolyl residues behave independently. The probability, 
p^ that a prolyl residue would occupy a specified 
conformation was
= exp<-E *,*/RT)/Ij j exp<-E*,*/RT>] (1>
The average transformation matrix for a prolyl residue 
was calculated as
<T> = T (Z Z p, . T ,T .) (2)
4) 4,
where T , T., and T, denote transformation matrices for
-  tu ~<f>
the peptide, Ca - N, and Ca - C' bonds, respectively.
A ten degree increment was used in evaluation of all 
summations. Conformations where the energy exceeded 
the minimum energy by more than 10 kcal/mol were excluded,
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Figure 3.1 Bond lengths and angles between bonds for
poly(L-proline). This Figure is taken from 
Mattice et al., Macromolecules 1973, 6,
443.
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Figure 3.2 Conformational energy surface for a prolyl 
residue in poly(L-proline). This con­
formational energy surface is the one 
labelled y by Mattice et al., Macromolecules 
1973, 44 3. Contours are drawn at
energies 1, 2, 5, and 10 kcal/mol above 
the minimum energy.
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All of the remaining conformational energy surface was 
included unless stated to the contrary. The average 
projection of a unit vector along the final virtual bond 
onto a unit vector along the first virtual bond is
n -1
<A > = row(1, 0, 0) <T> p col(l, 0, 0) . (3)
X X  >v
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RESULTS AND DISCUSSION
Figure 3 depicts a poly(L-proline) chain in which 
all residues adopt the conformation with <}>, \p =  103.7°, 
325.1°. The rod-like nature of this configuration is 
readily apparent. The chain depicted shows a very slight 
deviation from a helix with precisely three prolyl residues 
per turn. This deviation becomes apparent if every third 
pyrrolidine ring is traced from one end of the chain 
to the other. The slight deviation from a helix with 
precisely three prolyl residues per turn presumably arises 
from slight differences between bond angles used in our
3
chain and those assumed by Sasisekharan in his
characterization of Form II in the solid state.
The average projection of a unit vector along the
last virtual bond onto a unit vector lying along the
first virtual bond for every 3i + 1 bond of Figure 3
yields Figure 4. The important feature to note is that
the pattern of oscillations exactly repeats itself after
approximately 150 virtual bonds. This indicates that
poly(L-proline) deviates by =2.40° per virtual bond or
=7.20° per turn from exact three-fold coiling. This
small inexactness from three-fold coiling, as mentioned,
2 3 21is probably due to the experimental error, ' '
O
± 0.02A and ± 3.0°, in the bond length and angle respect­
ively, in determining the structural configuration of
137
Figure 3.3 A poly(L-proline) chain of thirty residues 
in which all <{> are 103.7° and all ip are 
325.1°. This Figure depicts all C - C 
and C - N bonds.
138
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Figure 3.4 Average projection of a unit vector along 
the last virtual bond onto a vector along 
the first virtual bond for molecule 
depicted in Figure 3.3.
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solid poly(L-proline) from X-ray crystallography.
Long chains cease to have the overall architecture 
of a rod when each prolyl residue has access to the con­
formational energy surface depicted in Figure 2. This 
conclusion is supported by the representative chain of
sixty prolyl residues depicted in Figure 5. The value 
2 2of r /n 1 for the representative chain is 11, which 
P P
is close to the asymptotic limit of 12.4 (Table 1) ob­
tained for C when averaging takes place over all chains 
in the ensemble. While this representative chain clearly 
has the overall shape of a random coil, short segments 
can be found which have a conformation reminiscent of 
the threefold helix found in the solid state. These 
short segments are more easily identified if pyrrolidine 
rings are included in the depiction of the representative 
chain. Identification of threefold helical segments 
containing at least two turns can be achieved by a search 
for cases where pyrrolidine rings i, i + 3, and i + 6 
lie along a straight line and have the same orientation 
with respect to this line. The best example in the re­
presentative chain depicted in Figure 5b is provided 
by prolyl residues 8, 11, and 14. These prolyl residues 
are identified by asterisks. No threefold helical seg­
ments can be found which contain as many as three turns.
The helical segment including prolyl residues 8,
11, and 14 becomes continuously disordered as one proceeds
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Figure 3.5 A representative poly(L-proline) chain of 
sixty residues in which the conformational 
energy surface accessible to each residue 
is that depicted in Figure 3.2. Figure 
3.5b depicts all C - C and C - N bonds, 
while Figure 3.5a shows only those C - C 
and C - N bonds in the main chain. Co-
Ct
ordinates of the last C atom are X =
-7.58 nm, Y = 1.7 nm, Z = -5.7 8 nm, and
r2/n l2 is 11.
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from residue 8 to residue 1. The chain is seen to undergo 
a sharp turn as one proceeds in the other direction from 
residue 14 to residue 20. The sharp turn arises because 
prolyl residue 18 in this chain adopts a conformation 
found in the low energy region denoted by A in Figure
1. Residues adopting a configuration in this region 
are denoted by "A" in the depiction of representative 
chains. A second sharp turn is apparent at residue 45, 
which also adopts a configuration in the smaller region 
of low conformational energy. The continuous bending 
and the sharp turns contribute to the overall architecture 
being that of a random coil rather than a rod. They 
also impose an upper limit on the number of residues 
in a sequence whose conformation can accurately be des­
cribed as a threefold helix. Relative importance of 
the continuous bending and sharp turns will be brought 
out by other representative chains to be discussed below.
Figure 6 depicts the average projection of a unit 
vector along the last virtual bond onto a unit vector 
lying along the first virtual bond. The average trans­
formation matrix used to calculate the average projection 
vector <A >xx
0.353 0.935
<T> 0.015 -0.046 (4)
0.779 -0.292 -0.030
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Figure 3.6 Average projection of a unit vector along 
the last virtual bond onto a unit vector 
along the first virtual bond. Prolyl 
residues sample the conformational energy 
surface depicted in Figure 3.2. Figure 
3.6a shows every virtual bond, while Figure 
3.6b depicts virtual bonds 3i + 1. The 
smooth curve in Figure 3.6b is the exponen­
tial curve, exp[-t (n -1)], described in the
lr
text.
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The chain depicted in Figure 5 is representative of the 
ensemble treated in Figure 6. Figure 6a shows an exponen­
tial decay on which is superimposed a threefold oscilla­
tion at small n . Oscillations remain detectable up 
P
to np slightly above forty on the scale used in this 
Figure. Hence they extend over a number of residues 
which is about 2/3 as large as the degree of polymeriza­
tion of the representative chain depicted in Figure 5.
In Figure 6b data is restricted to those chains in which 
is 3i + 1. The curve is nearly that described by 
a critically damped harmonic oscillator. It can be appro­
ximated as exp[-x(n - 1)], with t = 0.128, as shown
P
in Figure 6b. If 1/t is treated as a correlation length, 
its value of 7.8 is comparable to the number of residues 
which can be found in a threefold helical segment in 
the representative chain depicted in Figure 5. Results 
to be presented below demonstrate that the agreement 
between 1/t and the length of a helical segment is fortui­
tous .
Exclusion of the Second Minimum
Figure 7 depicts a representative poly(L-proline)
chain in which the small low energy region labelled A
in Figure 2 is forbidden. For this representative chain,
2 2r /n 1 is 21, which is slightly smaller than the asymptotic 
P P
limit for C (Table I) for this ensemble. This representative
148
Figure 3.7 A representative poly(L-proline) chain of
seventy residues. Prolyl residues are
restricted to the low energy region labelled
B in Figure 3.2. Coordinates of the last
Ca atom are X = 8.73 nm, Y = 10.50 nm, Z =
5.00 nm, and r^/n 1^ = 21.
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chain shares several features with the one depicted in 
Figure 5. Both chains contain recognizable segments 
of threefold helix covering a span as long as residues 
i, i + 3, and i + 6. Residues 4, 7, and 10 in Figure 
7 show this feature. Significantly longer segments with 
a precise threefold nature are absent. Flexibility 
of the chains in both Figures 5 and 7 is sufficient to 
produce the overall shape of a random coil. The major 
difference in the two representative chains lies in the 
absence of sharp turns in the one depicted in Figure 
7. The sharp turns seen in Figure 5 arises from occasional 
residues which occupy the small energy minimum, and con­
sequently such turns must be absent in the chain depicted 
in Figure 7. Sharp turns are of sufficiently rare 
occurrence in Figure 5 that their deletion from the chain 
does not significantly alter the maximum length of three­
fold helical segments. Therefore the limitation on the 
length of threefold helical segments arises from the 
flexibility associated with the major low energy region 
in the conformational energy surface. The occasional 
sharp turns seen in Figure 5 do produce a much more compact 
overall configuration, as expected. The asymptotic limit 
for C falls by more than a factor of two when the minor 
minimum is included in the conformational energy surface 
(Table I).
TABLE I
Characteristics of Poly(L-proline) Chains 
Sampling Different Conformational Energy Surfaces
Surface C 1/t Oscillations— Local Maxima— Turns—
All 12.4 8 40 0 2
Region B 29 29 150 3 2
cf> = 110° 9.5 5 30 0 2
<j> = 110°, region B 42 20 160 3 3
—  Approximate n at which < 
scale used inpFigures 6,
oscillations in 
8, 10, and 12.
<A > 
XX are no longer detectable on
—  Local maxima at n > 1  when <A > is examined for chains with 3i + 1 virtual 
bonds. p
— Largest number of turns in a single threefold helix in the representative 
chain depicted in Figures 5, 7, 9, and 11.
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Figure 8 depicts <A > when each prolyl residue 
is restricted to the major low energy region in the con­
formational energy surface. The average transforma­
tion used to calculate <A > is
X X
<T> =
0.352 
0.040 
\0 .882
0.935 
-0.062 
-0.329
0.046
0.941
-0.059
(5)
Oscillations are still detectable in Figure 8a when the 
number of virtual bonds exceeds 100. Inclusion of the 
minor low energy region would have caused <A > to decay
X X
to zero before n^ becomes as large as 100 (Figure 6a). 
Attention is restricted to chains containing 3i + 1 virtual 
bonds in Figures 6b and 8b. Exclusion of the minor mini­
mum from the conformational energy surface is seen to 
change the behavior from that of an oscillator which 
is very nearly critically damped to that of an under­
damped harmonic oscillator. The best exponential fit 
to the decay of the midpoint about which oscillation 
occurs in Figure 8b yields t  = 0.035. The reciprocal 
is nearly 30, which is clearly much larger than the length 
of any recognizable helical segment in the representa­
tive chain depicted in Figure 7. The fourfold decreases 
in x from Figure 8b to Figure 6b reflects the large effect 
occupancy of a state much different from that of the
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Figure 3.8 Average projection of a unit vector along
the last virtual bond onto a unit vector along 
the first virtual bond. Prolyl residues are 
restricted to the major low energy region 
of the conformational energy surface depicted 
in Figure 2. Figure 3.8a shows every virtual 
bond, while Figure 3.8b depicts virtual 
bonds 3i + 1.
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threefold helix can have on correlations between the 
first and last virtual bond.
Restriction of ft to 110°
Figure 9 depicts a representative chain in which 
all prolyl residues have <p restricted to 110°. The pyrro­
lidine ring is therefore considered to be rigid. Both 
low energy regions in Figure 2 contribute to the residue
configuration partition function. The representative 
2 2chain has r /n 1 =8.5, which stands in excellent agree-
P P
ment with C = 9.5 (Table I). Sharp turns are again pre­
sent. They are more frequent than was the case in Figure 
5 because $ has been restricted to the value which yields 
the minimum energy in Region A of the conformational 
energy surface in Figure 2. Behavior of <A >, depicted
XX
in Figure 10, is reminiscent of that seen (Figure 6) 
when the entire conformational energy surface was accessi­
ble. The best value for t is about 0.21, and the average 
transformation matrix is given by
-0.044 0.756 (6)
0.707 -0.270 -0.026/
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Figure 3.9 Representative poly(L-proline) chain of
seventy residues in which each residue has 
<f) = 110°. Coordinates of the last Ca atom 
are X = 6.42 nm, Y = -0.50 nm, Z = -6.55 nm, 
and r2/n l2 = 8.5.
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Figure 3.10 Average projection of a unit vector along 
the last virtual bond onto a unit vector 
along the first virtual bond. Each prolyl 
residue has <|> = 110°. Figure 3.10a shows 
every virtual bond, while Figure 3.10b 
depicts virtual bonds 3i + 1.
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Simultaneous Restriction to the Major Low Energy Region 
and <t> = liO7- '
Figure 11 depicts a representative chain in which
all prolyl residues have <j> = 110° and is restricted
to the major low energy region on the conformational
energy surface of Figure 2. The representative chain 
2 2
depicted has r /np^p = 35, while the average over all 
chains in the ensemble yields C = 42. Sharp turns are 
absent, and recognizable stretches of threefold helix 
can now be found which extend for as many as three turns 
(asterisks in Figure 11). The behavior of <A > (Figure
X X
12) is reminiscent of that seen when all prolyl residues 
were restricted to the major region of low conformational 
energy (Figure 8). The average transformation matrix 
is
< T >  =
/0.357 0.933 0.049
0.056 -0.071 0.943
\0.883 -0.334 -0.077/
(7)
Restriction to Minor Energy Region
Depicted in Figure 13 is a poly(L-proline) chain 
of 60 residues in which conformations are energetically 
allowed for values of 4> and ij; only in region A of Figure
2. As expected, this molecule shows a nearly rigid rod
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Figure 3.11 Representative poly(L-proline) chain of
seventy residues in which each residue has 
<t> = 110° and is restricted to 330° ± 30°. 
Coordinates of the last Ca atom are X =
11.86 nm, Y = 9.90 nm, Z = -10.66 nm, 
and r^/n 1^ = 35.
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Figure 3.12 Average projection of a unit vector along 
the last virtual bond onto a unit vector 
along the first virtual bond. Prolyl 
residue have <J) = 110°, tJj = 330° ± 30°. 
Figure 3.11a shows every virtual bond, 
while Figure 3.12b depicts virtual bonds 
3i + 1.
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Figure 3.13 A poly(L-proline) chain of sixty residues 
in which prolyl residues are restricted 
to region A of Figure 3.2.
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Figure 3.14 Average projection of a unit vector along 
the last virtual bond onto a unit vector 
along the first virtual bond for all 
virtual bonds. Prolyl residues sample 
region A only of the conformational energy 
surface.
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Figure 3.15 Average projection of a unit vector along 
the last bond onto a unit vector along 
the first virtual bond for virtual bonds 
3i + 1. Purpose of smooth curves is 
described in text of Chapter 2.
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TABLE II
Parameters Deduced From Equations (22)-(24) and Equation (27) 
Of Chapter II For Harmonic Oscillator Model
a y ui k /m ^  A/m^ i^ /m ^
Region A 0.60 0.00303 0.00324 0.0260 0.00071 0.00658 2.246
of Region A
<f> = 110° 0.60 0.00228 0.00277 0.0240 0.00060 0.00560 2.523
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Figure 3.16 Average projection of a unit vector along 
the last bond onto a unit vector along the 
first virtual bond for ip = Region A and 
(J> = 110° of Figure 3.2. Plot is for 
virtual bonds 3i + 1. Smooth curves are 
described in text of Chapter 2.
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character because of the severe restrictions placed on 
the dihedral angles $ and ip. The best exponential fit 
to the decay of the midpoint of oscillations as seen 
in Figures 14 and 15 is t = 0.00303. Figure 14 is a 
plot of the projection of every virtual bond whereas 
Figure 15 is a projection of every 4j + 1 virtual bond.
The average transformation matrix corresponding to Figures 
14 and 15 is
/ 0.3 58 0.933 0.049
<T> = I -0.384 0.194 -0.897 (8)
\-0.847 0 . 302 0 .427
Figure 13 should be compared with all preceeding figures 
in which the projection was for every 3j + 1 virtual 
bond. Thus, a fourfold helix is propagated in Figure 
13 in contrast to previous threefold helixes.
Table II lists parameters extracted from Figure 
15 in accordance with the harmonic oscillator model of 
Chapter II. Also listed are parameters from analysis 
of a molecule in which values of are restricted to 
only region A of Figure 2 and (J> = 110°. The decay of 
the oscillations of this latter molecule (Figure 16) 
is slightly smaller (t = 0.0023) than that seen in Figure 
13, indicating a slightly stiffer chain. The average 
transformation matrix used to generate Figure 16 is
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given as
0. 933
<T> = -0.388 0.196 -0.896 (9)
0.301
0.357
-0.846
0 .049
0.431
As previously mentioned, a poly(L-proline) chain 
restricted to region A of its energy surface propagates 
a fourfold helix. This is reminiscent of an alpha helix 
where there are approximately 3.6 to 3.7 amino acid resi­
dues per turn. The values of the dihedral angles $ and tp 
for a right handed a-helix are 4> = 133° and \p = 122.8°. 
The complimentary values 0 = 122.8° and = 133° are 
also compatible with right-handed ot-helix formation, 
however, these values are energetically slightly less 
favorable. The stability of an a-helix is principally 
due to two factors: the R groups of the amino acids
extend outward from the rather tight helix formed by 
the backbone? and the formation of intrachain hydrogen 
bonds between successive coils of the helix, parallel 
to the long axis of the helix and extending between the 
hydrogen atom attached to the electronegative nitrogen 
of one peptide bond and the carbonyl oxygen of the third 
amino acid beyond it.
For poly(L-proline) conformationally restricted 
to region A of Figure 2, we have c(> restricted in the
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range 100° < <p < 135° and ij; in the range 120° < ij < 140°. 
Note that the two sets of values given for <j> and ip for 
an a-helix, are within these ranges. If we focus on 
the minimum energy point in region A, the value of <J> and 
ij are 110° and 132°, respectively. These angles are 
relatively close to the second set of values quoted for 
the a-helix. We can, therefore, imagine the polyproline 
chain restricted to region A as propagating a "floppy" 
a-helical structure oscillating between the two sets 
of aforementioned helical angles, which can account for 
the flexibility seen in Figure 13.
There are, however, severe steric interferences 
to propagating any significant number of prolyl residues 
in a real molecular chain. If one traces, starting at 
the origin, residues one through four, it can be seen 
that there are no serious steric interferences encountered. 
If one attempts to add a fifth residue, however, steric 
hinderence is immediately incurred as can be demonstrated 
using space filling models in which all hydrogens and 
oxygens are incorporated. Within the interior of a chain, 
it can be demonstrated that no more than three residues 
may be propagated in an a-helical segment before serious 
steric constraints are encountered. Therefore, a 
structure such as Figure 13 would be unrealistic. How­
ever, a limited number of prolyl residues (3 or 4) could 
propagate this a-helical structure as long as these
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segments are interspersed with random coil conformations. 
Correlates with Maximum Threefold Helix Length
Table I summarizes limiting characteristic ratios,
features seen in the behavior of <A >, and a somewhatxx
subjective measure of the longest threefold helix seen 
in representative chains. Many of these features 
characteristic ratio, 1/t , value of n^ at which oscilla­
tions in <A > cease, number of local maxima in <A >
XX XX
for chains with 3i + 1 virtual bonds are seen to be most 
sensitive to the inclusion or exclusion of the minor 
region of low conformational energy. Each of these four 
parameters assumes larger values when the minor region 
of low energy is excluded. These properties are reduced 
by the occasional sharp turns produced when a prolyl 
residue occupies a configuration in the minor region 
of low conformational energy.
The maximum number of turns in a recognizable three­
fold helix in the representative chains is a more sub­
jective quantity than the others listed in Table I. In 
recognition of its subjective character, entries in Table 
I for this term might be treated as being essentially 
indistinguishable. That in itself would be an important 
statement, for it would assert an insensitivity of the 
maximum helix length in poly(L-proline) in solution to 
changes in the conformational energy surface which are
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responsible for marked alteration in other configuration- 
dependent properties.
If the differences between two and three turns in 
the last column in Table I are deemed significant, they 
point to a role of the accessible range for $ in deter­
mination of the maximum helix length. The threefold 
helix must be composed of prolyl residues which occupy 
the major low energy region in the conformational energy 
surface. The minor minimum contributes only about 6% 
of the residue partition function. Occupancy of the 
minor minimum will not place the upper bound on the length 
of a threefold helix. The average number of prolyl resi­
dues separating those occupying the minor region of low 
conformational energy is about 17, which is significantly 
larger than the 7-8 residues found in the longest three­
fold helices in the representative chain depicted in 
Figure 5. Therefore the origin of the upper limit must 
lie in the major region of low conformational energy.
The shape attributed to the major region of low 
conformational energy depends on the choice of the contour 
line used to define that shape. The shape is nearly 
rectangular if the contour used is that at 5 or 10 kcal/ 
mol. For present purposes the boundary of this region 
is better described by the 1 kcal/mol contour line. Most 
prolyl residues will adopt conformations within this 
contour, and the local configuration required for
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propagation of a precisely threefold helix is to be found 
here. The upper limit to the number of turns in a recog­
nizable threefold helix is provided by the slight flexi­
bility about ip when <p is held constant at 110° and the 
minor region of low conformational energy is ignored.
The representative chain depicted in Figure 11 shows 
this upper limit to be about three turns. A significant 
fraction of the prolyl residues adopt 4> near 130° when 
the constraint on <p is relaxed. There is then an addi­
tional disordering influence on the chain and consequent 
reduction in the maximum length of recognizable threefold 
helix from three turns to two. Since a change in 4> re­
quires an alteration in geometry of the pyrrolidine ring 
system, the flexibility of this ring plays a role in 
establishing the upper limit for the length of recogniz­
able threefold helices for poly(L-proline) in solution.
The pyrrolidine ring of poly(y-hydroxy-L-proline) is
17-20less flexible than that in poly(L-proline). Con­
sequently the maximum length of recognizable threefold 
helices should be somewhat larger in poly(y-hydroxy- 
L-proline) than that found here for poly(L-proline).
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CHAPTER IV
CONFORMATIONAL CHARACTERIZATION OF SOMATOSTATIN
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INTRODUCTION
There exist many proteins containing intramolecular
disulfide bonds. Examples include ribonuclease A*- (124
2
residues and 4 disulfide bonds), amylose (410 residues;
3 disulfide bonds), trypsin^ (224 residues; 6 disulfide
4
bonds), lysozyme (129 residues; 4 disulfide bonds), and
5
others. A common function of disulfide bonds is to give 
added stability to the secondary structure of proteins.
In chicken lysozyme, for example, it is found that di­
sulfide bond formation is necessary prior to a major transi­
tion of secondary structure to the native state.^ This
7
is true despite the fact that Yutane et al. and Ohta
g
et al. reported from CD studies that fully reduced lysozyme 
retained 74% and 50%, respectively, of their native a- 
helical content.
Although it would be desirable to study the interplay 
between intramolecular disulfide bond formation and the 
secondary structure for proteins the size of lysozyme, 
practical considerations involving computer time restrict 
such study to smaller peptides like somatostatin.
Somatostatin is a cyclic hypthalamic tetradecapeptide.
It is one of the hypothalamic hypophysiotropic regulatory
9 10peptides originally isolated from ovine and porcine
hypothalami. It's principal biological action is to in-
11-13hibit the release of growth hormone from the pituitary.
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It has also been found to affect the pancreas to lower 
plasma insulin and glucagon levels and act in the gut 
to inhibit secretion of gastrin and other gastric pep­
tides. ^  ^  Very recent studies^ have also shown that 
somatostatin increases the frequency of the migrating 
myoelectric complexes of the small intestine, indicating 
that it acts on the central nervous system structures 
that are involved in the control of intestinal motility.
Somatostatin possesses a disulfide linkage between 
the two cysteine residues at position three and fourteen. 
The entire amino acid sequence of this peptide is
H-ALA-GLY-CYS-LYS-ASN-PHE-PHE-TRP
I
HO-CYS-SER-THR-PHE-THR-LYS
where we have used the three letter codes for the amino
acid residues.^ From circular dichroism studies, this
peptide in water has been shown to possess no helical 
16 17content. ' In sodium dodecyl sulfate (SDS), somatosta­
tin does show, however, a small degree of helix forma- 
16 17tion. ' When the disulfide bond is broken, somatosta­
tin adopts a 8 form in 2mM SDS. In higher concentrations 
of SDS (>10 mM), the 8 form is transformed into a partial
helix. Both the 8 form and induced helix have been shown
17to be independent of pH in the range =s2.1to 6.9.
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In this work, experimental results from some circular 
dichroism (CD) studies, but principally from optical rota­
tory dispersion (ORD) studies will be presented. It will 
be shown that somatostatin in its native form shows no 
tendency toward helix formation in water and very little 
helix structure in SDS. However, when placed in a solution
of 30 mM dithiothreitol (a solution to reduce the disulfide 
18 19bond ' ) and 25 mM SDS, the helix content increased
measurably.
A major thrust of this work will be to also determine 
how well one can successfully account for the relation­
ship between intramolecular disulfide bond formation and 
the secondary structure in our model peptide. Calcula­
tions are performed within a framework in which interactions
are limited to those incorporated into rotational isomeric
20 21 state (RIS) theory and the Zimm-Bragg theory of frac­
tion helix formation of polypeptides.
Monte Carlo procedures are used to grow representa­
tive chains in which Zimm-Bragg parameters are used to 
help decide if a residue within a chain adopts a helix 
or random coil configuration. If random coil is decided,
RIS theory is then used to produce the specific configura­
tion of this residue. Multiple ensembles of 1000 chains 
each are grown in the above manner. Within each ensemble, 
the total fraction helix and various helix profiles are 
examined as a function of disulfide bond distances.
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Various ways of calculating the distribution of fraction 
helix, as detailed in the calculations, are also studied 
to determine the influence this method of calculating 
helix profiles has on these distribution functions. It 
is hoped that from such examinations, insight can be gained 
for modeling larger molecules containing one or more disul­
fide links.
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EXPERIMENTAL
Principles of Operation in Circular Dichroism and Optical 
Rotatory Dispersion
Optical rotatory dispersion (ORD) and circular di- 
chroism (CD) are based upon the interaction of polarized 
light to optically active molecules. Plane polarized 
light is generally used and is produced when ordinary 
monochromatic light is passed through a polarizing element 
such as a Rochon prism. Plane polarized light consists 
of two components, right and left circularly polarized 
light, which have equal amplitudes but are 90 degrees 
out of phase.
When plane polarized light is passed through an opti­
cally active substance, the velocity of one of its two 
components is reduced more than the other. This causes 
the light to experience a phase shift and results in a 
rotation of its plane of polarization. The amount of 
rotation is a function of this phase difference and the 
phenomenon is termed circular birefringence, which gives 
rise to ORD.
When one of the two components of plane polarized 
light is unequally absorbed, a difference in amplitude 
occurs and the emerging beam is elliptically polarized 
instead of plane polarized. The degree of angular 
ellipticity is dependent upon the difference in the
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absorption coefficient between the two components of light. 
This phenomenon gives rise to circular dichroism.
Figure 1 shows a schematic representation of a spectro- 
polarimeter used to measure both CD and ORD. Note in 
this figure the elements RP1, RP2, and RP3 which are Rachon 
prisms used to produce or analyze plane polarized light.
Also note the element labeled PC which is a Pockels cell.
Its function is to produce circularly polarized light 
from linear polarized light by retarding one component 
of plane polarized light by 90° over the other. The effect 
is known as a quarter wave retardation and is produced 
by passing the plane polarized light through a uniaxial 
crystal of selected thickness and birefringence. When 
an electric field is applied to this cell, it becomes 
biaxial to produce circularly polarized light of given 
handedness. If the electric field is oscillated, it will 
then produce alternately left and right hand circularly 
polarized light.
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Figure 4.1 Schematic diagram of a spectropolarimeter
used in measurements of CD and ORD. Symbols 
are as follows:
XO Xenon light source
Ml Source mirror
Sir 2,3 Monochromator slits
M2,3,4,5 Collimating mirrors
Pi,2 Monochromator prisms
M6 Retractable ORD mirror
M7 Plane mirror
Ll;L2 CD lens; ORD lens
RPl;RP2 CD polarizer; ORD polarizer
RP3 ORD analyzer
PC Pockels cell
C1;C2 CD sample cells
C3 ORD sample cell
PM1;PM2 CD; ORD photomultipliers
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MATERIALS AND METHODS
Synthetic somatostatin (SRIF; Growth Hormone Release 
Inhibiting Factor) was purchased from the Sigma Chemical 
Company. DL-Dithiothreitol was also purchased from Sigma. 
Sodium dodecyl sulfate was obtained from Matheson, Coleman 
and Bell Manufacturing Chemists.
Circular dichroism and optical rotatory dispersion
measurements were performed on a Durrum-Jasco spectro-
polarimeter model J-20 calibrated with d-10 camphorsulfonic 
22acid in water. Sample cells were made of fused quartz 
with a pathlength of 10 mm. The pH was measured with 
a Beckman 3500 pH meter with an Altex combination electrode 
calibrated with pH 4.00 buffer solution from Fisher Scien­
tific Company. Cell temperature was maintained at 25°C 
during all CD and ORD measurements with a circulating 
water bath connected to a brass water jacket surrounding 
the sample cell. Sample temperature was measured with 
a Yellow Springs Instrument model Y2Sc telethermometer 
before and after each spectrum.
Three different samples of somatostatin from Sigma 
were used in measurements, each of approximately 1 mg. 
Because the molecular extinction coefficient was not 
available for somatostatin, the concentration of the first 
sample (designated A) was obtained using a Beckman Model 
119 Amino acid analyzer. This analysis was performed
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in collaboration with professor Ernest Blakeney. An ali­
quot of dissolved peptide was taken to dryness in a dessi- 
cator over and NaOH in a 10 x 75 mm tube. To this
dryed sample was added 0.2 ml of 6N HC1 and the tube sealed 
under vacuum. Hydrolysis was performed at 110°C for appro­
ximately 24 hours. The sample was then taken to dryness 
and the hydrolyzate was then dissolved in a 0.20 M sodium 
cetrate solution at pH =2.2. This sample was then analyzed 
on the analyzer using a one-column methodology. Response 
factors were obtained using a standard mixture supplied 
by Pierce Chemical Company.
After determination of the concentration of solution 
A, a UV spectrum on a separate aliquot of peptide was 
obtained on a Varian Cary 219 spectrophotometer. The 
maximum absorbance was found at 280.5 nanometers. The 
concentrations of the second and third 1 mg samples of 
somatostatin were then obtained from the absorbance and 
extinction coefficient at 280.5 nanometers.
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CALCULATIONS
Calculations of average configuration dependent pro­
perties (i.e., helical content, helix probability profile, 
average end-to-end distance etc.) for ensembles of somato­
statin chains were conducted in a two step procedure.
Both steps utilize elements from rotational isomeric state
20 21 theory and or Zimm-Bragg theory, incorporated into
a Monte Carlo procedure.
Helix probabilities were calculated as previously
23described in Chapter I and in Mattice et al. This method 
is based on the Zimm-Bragg treatment of the helix-coil 
transition for polypeptides. The statistical weight matrix 
is formulated for an amino acid residue as follows:
i , i+1 
i-l,i cc or ch he hh
U . = cc or ch 1~i
A
The rows index the state of amino acid residues i and
i-1, while the columns index the states of amino acid
residues i and i+1. An h denotes a helical state while
a c signifies the residue in a random coil state. As
23noted in Mattice et al., this matrix accounts evenly
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for end effects since amino acid residues at either end 
of a helical segment are assigned a statistical weight 
of o^s.
The partition function Z for a partially helical 
polypeptide is
Z » (1,0,0) U, D, ... U (1) . (2)~n 0
The a priori probability of a helical state at residue 
i is given as
Ph;i - <3)
where U.f is obtained from by nulling all elements 
in the first column. The overall helical content of a 
polypeptide is
-1 nf. = n £ P. . (4)h i=1 h,i
Note that each P^-i is the sum of the probabilities that 
an amino acid residue initiates, propagates, or terminates 
a helical segment. These probabilities can be individually 
determined, as for example, Pp.^ f°r the a priori proba­
bility for propagating a helix can be calculated, as
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where Up.^ has all elements except 3,3 set equal to zero.
The conditional probability that residue i
initiates, propagates or terminates a helical segment 
can be obtained from
q £n;i P^n;i^P ??i-l
where n is the state of residue i given residue i-1 is 
in state £. The quantity is calculated from Equa­
tion 3 and P r . is calculated from an equation similar 
£n;i ^
to Equation (5). For example would be the condi­
tional probability that residue i initiates a helix given 
that residue i-1 is in a random coil state.
A pseudo random number is generated and compared 
to the conditional probabilities previously calculated.
If it is determined that residue i is in a helical state, 
the values of <J> = 122.2°, = 133.0° (for trans = 0.0°)
are used to place the residue in the proper configuration.
When it is determined that residue i resides in a 
random coil configuration, a second set of probabilities 
is needed. These are calculated from energy surfaces 
of the various amino acid residues. Three separate energy 
surfaces are provided; one for alanine; one for glycine; 
and one for acetylalanine-COOH (used for the last residue).
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All residues except glycine and the last residue use the 
alanine surface. Statistical weights are calculated as
% ; i  = exP<-EEn, i /HT) <7)
where E^_ . = These a priori probabilities
T"} /  X  X  X X
are obtained as
UCn; i_____
z u r
U , n )  ?ri;1
(8)
where {^,n} is the set of all values of £,n* Calcula­
tions in Equation (8) can be made as such, because of
the independence of pair rotations of neighboring 
24residues. States were calculated at 10° intervals. 
Values for <J> and were assigned in accordance with com­
parison of a generated pseudo random number and the 
probability P . for that residue.p n ; l
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RESULTS AND DISCUSSION
Figure 2 depicts the ultraviolet absorption spectrum 
of somatostatin from 240 nm to 300 nm. Two distinct peaks 
can be identified at 280.5 nm and 288.7 nm. The maxima 
at 280.5 nm was selected for calculating the molar extinc­
tion coefficient. From the known concentration of somato-
-5statin (amino acid analysis) equal to 9.4 7 x 10 m/1,
the molar extinction coefficient was calculated to be
e = 6300 1/m-cm at 280.5 nm in which the calculation was
performed using the standard Beer-Lambert expression.
In Figure 3 is depicted two distribution curves.
The top curve, without points, is that obtained by Momany 
25et al. for the distribution of intramolecular distances 
between cystein sulfur atoms from residues CYS^ to CYS"^ 
for an ensemble of 1.2 x 10^ randomly generated conformers 
of somatostatin. These conformers were generated by allow­
ing each residue to be assigned a set of five or six possi­
ble <MN-Ca) and ^(Ca-C’) dihedral angles. The set of 
dihedral angles used for sampling were chosen from low-
energy dipeptide conformers found by energy minimization
26studies of Lewis et al. and included sampling of 
a_(helix, & (extended), and E (seven-membered ring) di-
4
peptide structure. For example, LYS has the following 
five sets of <f> and ip: (-160, 150), (-145, 75), (-80,
140), (-75, 80), and (-70, -55). These angles are with
Figure 4.2 Ultraviolet absorbance spectrum of 
somatostatin.
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Figure 4.3 Solid curve without points is the distribu-
O
tion of intramolecular distances (in A)
between cysteine sulfur atoms from residues
Cys^ to C y s ^  for 1.2 x 10^ randomly generated
17conformers as calculated from Momany et al. 
Solid curve with points is same distribution 
obtained in present work with 5000 randomly 
generated conformers. Momany et al . curve 
was normalized to maximum value of present 
work.
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reference to trans taken at 180°. A complete conforma­
tion is generated by random selection of each residue's 
backbone dihedral angles, however remembering the powerful 
constraint of only using low-energy single residue confor­
mations, and assigning all sets of 4> and i/j identical 
weighting.
The lower curve of Figure 3 is a distribution similar 
to that of Momany et al. It is produced from an ensemble 
of 1000 somatostatin chains constructed as described in 
the calculations. Both distribution curves have been 
normalized to the same maximum value. The important fea­
tures to note are first, both distributions have the same 
approximate shape. Also, both have a maxima at a value
O
of Rg equal to approximately 25 A. This would indicate 
that the most favorable conformations for reduced somato­
statin are those which have an intramolecular distance 
between the cysteine residues of this same distance.
The solid curve of Figure 4.4 presents the distribution 
of f^ for the average of ten ensembles of 1000 chains 
each as a function of distances Rg g less than or equal 
to the indicated value. It can be seen that this curve 
shows a relation to the remaining two distributions de­
picted with dashes and with dots. The dashed curve is 
a plot of the total number of helical residues for the 
average of the above ten, 1000 chain ensembles as a function
of R„ „ in which we look at values of f. within a delta s • • • s n
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Figure 4.4 Solid curve is distribution of fraction
helix (fh ) of all chains in an ensemble with 
intramolecular distances between cysteine
O
sulfur atoms < value of Rs (A) indicated.
Dashed curve represents a distribution of 
the total number of helix residues in a 
generated ensemble (right axis) within a
O
delta region of ±2.5 A about indicated
O
R„ „ (A) value. Dotted curve is distribu-S • • • b
Q
tion of intramolecular distances R (A)2 • • • 2
for 1000 randomly generated conformers of 
somatostatin. Right vertical axis for dotted 
line only should read "Total number of Con­
formers". This dotted curve is same as that 
depicted in Figure 4.3.
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region of ±2.5 A centered about the indicated R value.s • • • s
The greatest number of helical residues is seen for chains 
in which the intramolecular distance between cysteine
O
residues is -18 A. This is a reasonable number since 
if we consider 11 residues separating the two CYS residues,
o o
we have approximately 11 x 1.5 A/helix residues = 16.5 A, 
if all residues between the two cysteine residues are 
taken as helical. Also, note the proximity of this latter 
distribution with the distribution depicted with the solid 
line.
The dotted curve of Figure 4.4 is the distribution 
of the number of conformers of somatostatin for delta
O
regions of ±2.5 A about specified intramolecular distances 
between two cysteine residues. The vertical axis for this 
distribution should read "Total number of conformers".
This is the identical distribution shown in the bottom 
curve of Figure 3. It should be pointed out that this 
distribution is produced from a single ensemble of 1000
O
chains. Note that the maxima in this curve is at -25 A. 
This could account for the slight shift in the solid curves
O
distribution from a maximum around 18 A {where the greatest
O
number of helix residues occurs) to approximately 20 A.
One additional feature should be noted in the solid
curve's distribution, the horizontal region above Rg =
0
35 A. This region indicates there are few if any chains 
with an intramolecular distance between cysteine residues
206
greater than approximately 35 A. The fully extended soma-
O
tostatin chain can have a R distance of 11 x 3.6A/s ... s
0
residue = 40 A for the distance between the two cysteine
O
residues. Therefore, chains >35 A would be a relatively 
extended chain and therefore a reasonably improbable 
structure for somatostatin to adopt.
Illustrated in Figure 4.5 are the helix probability 
profiles for several 5000 chain ensembles of somastatin.
o o
Curves 7 A and 20 A are for ensembles in which chains 
are restricted to values less than or equal to the indi­
cated distances R . Curve T is for the unrestricteds .. . s
distribution in which all values of R are allowed.s * * * s
The amino acid residues, corresponding to the top three 
curves, are parameterized for peptides dissolved in solu­
tions containing SDS. The dotted curve labelled W is 
the helix probability profile for chains grown using para­
meters for water.
Attention should be focused on the distribution curve 
W, which is very much smaller than the distributions in­
volving SDS parameters. This strongly suggest that there 
is very little helical structure present when somatostatin
is dissolved in water, a fact born out by experimental 
16 17evidence. ' Additional features to note include the 
large values of the top three distributions,
at residues 4 and 8; corresponding to LYS and TRP 
respectively. This is easily understood given the values
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Figure 4. Helix propagation probability profiles for 
somatostatin. Dotted line (labeled W) is 
profile calculated for water parameters.
Line T is profile for chains grown with no
O
restrictions on R (A) for SDS para-
S • • * 5
o o
meters. Lines labeled 7 A and 20 A are those
O
profiles calculated where R (A) iss • • • s
restricted to values less than or equal to 
indicated values, in presence of SDS.
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of a and s for residues between these latter two. For
LYS in SDS, both a and s are large (a = 0.05, s = 1.7).
This indicates lysine has a large ability to both initiate
as well as propagate a helix. As seen in Figure 4.5,
almost all helical structure is initialed at residue 4.
The residues between 4 and 9, with the single exception
of ASN at position 5, have moderately high values of both 
23and s. This would imply that it is not difficult to
propagate a helical structure between these residues.
The sudden drop in the P. . distribution of the curve ^ h ; l
O
for chains of R = 20 A at residue 9, which is LYS,s ... s
is not fully understood. It may be due to the extended
nature of this chain in which the end effects are somehow
felt a little sooner than in the other distributions.
The drop in P. . at residue 10 is easily understood since h ; l
-4this is the THR residue with a = 0.1 x 10 and s = 0.836, 
implying a residue which neither wishes to initiate nor 
propagate a helix.
One last feature of Figure 4.5 is noteworthy. The
0 O
profiles for curves 7 A and 20 A show larger fraction 
helix values than that for the total helix probability 
profile. This may be understood, however, if we consider 
how these profiles were calculated. In calculating the
O
helix profile for 7 A curve, an ensemble is only chains
O
with a R distance less than or equal to 7 A. In
5  • ■ • S
a typical run of 1000 chains, only 8 chains meet this
210
criterion. A typical number of helical residues at posi­
tion 6 (PHE) for example may be as few as 4 for this same 
ensemble. The fraction helix at this residue's position, 
however, is a fairly high number of 4/8 = 0.5. A similar
O
argument can be made for the profile labelled 20 A where, 
for example, in a 1000 chain ensemble, only 2 51 chains
O
have a critical distance < 20 A. However, when calculating 
the total fraction helix profile, all 1000 chains are 
used in the calculations. For example, in a typical run 
of 1000 chains, the number of helical residues at position 
6 is 232. The fraction helix at this position is 232/1000 
= 0.232, a number approximately half that of the profiles 
for 7 A and 20 A.
In Figure 4.6, is depicted the ORD spectrum of soma­
tostatin in 25 mM SDS and in 25 mM SDS plus 30 mM DTT.
These two solutions were measured to have a pH of 7.0 5
and 6.96 respectively. Fraction helix was calculated
27using the Moffitt equation and from the expression
Fraction helix = -b /630 (9)o
where bQ is calculated from the slope of the Moffitt equa­
tion. The calculated fraction helix for somatostatin 
in 25 mM SDS is f^ = 0.1, and for somatostatin in 2 5 mM 
SDS and 30 mM DTT is f^ = 0.4. As seen in Figure 4.4, 
the fraction helix theoretically determined for an ensemble
211
Figure 4.6 Two optical rotatory dispersion recordings 
of somatostatin in the frequency range 350 
nm to 220 nm for a 9.153 x 10~^ m/1 solution. 
As indicated, one recording is for a run 
in 25 mM SDS; the second run is in 25 mM 
SDS and 30 mM DTT.
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of chains in which R is 5.5 A is on the average f, =
5 • • • S | l
0.223. This corresponds to the experimental case where 
somatostatin is dissolved in 25 mM SDS (the disulfide 
bond is intact). The maximum theoretically calculate 
fraction helix is calculated to be 33.2%, for an ensemble
O
in which R < 20 A. This is to be compared to thes • • ■ s
experimentally determined value when somatostatin is dis­
solved in 25 raM SDS and 30 mM DTT.
It is not totally clear whether the quantatative 
disagreement is with the analysis of the experimental 
data or in the manner in which the theoretical calculations 
were performed. Qualitatively, however, both experiment 
and theory give exactly what is expected, that is an in­
crease in helicity from the nonreduced to the reduced 
state of somatostatin. Quantatively, the problem in 
analyzing the data could be in applying the Moffitt equa­
tion and Equation (8) to the obtained ORD spectra. The 
bQ method based on the Moffitt equation is based princi­
pally on data calculated for poly-L-glutamic acid and 
parameterized in the optical frequency range 350 to 600mm. 
The frequency range for this work is in the range 220 
to 300 mm. Another experimental problem was in the signal 
to noise ratio, making the extraction of data somewhat 
tenuous.
An interesting number to compare with is the f^ ob-
17 28tained by Wu et al. using Chou-Fasman method of
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calculating fraction helix. The number obtained for re­
duced somatostatin was fh = 0.43. This should be compared 
to fh ~ 0.4 calculated using the Moffett bQ method applied 
to the ORD spectra of this work. However, CD studies 
performed by Wu obtained f^ = 0.21 for reduced somatosta­
tin. Independent numerical values for fraction helix 
for native somatostatin in SDS are unfortunately unavail­
able .
It therefore appears that although qualitative agree­
ment is obtained between experiment and theory, quantative 
agreement remains allusive. Because of wide differences 
obtained in comparing experimental data, it is not clear 
at this time where improvement is needed most; in theory 
or experiment, probably both.
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SUMMARY
There were two objects to this study. Experimentally, 
it was desired to study somatostatin for both the non­
reduced and reduced states in both water and in solutions 
of sodium dodecylsulfate (SDS) using optical rotatory 
dispersion. It was found that no helical content existed
for somatostatin in water, regardless of whether the di-
3 14sulfide bond between CYS and CYS was present or not.
However, in SDS, the total helical content for nonreduced
somatostatin was measured to be 10% and the reduced form
was 40%. The above data qualitatively agreed with circular
17dichroism (CD) studies, but quantatatively CD studies
obtained 21% helical content for reduced somatostatin.
2 8However, the Chou-Fasman method of calculating f^ yielded 
43%.
A second major objective of this study was to deter­
mine how well modeling of the secondary structure (prin­
cipally helical content) can be performed in which only 
interactions present in rotational isomeric theory and 
Zimm-Bragg theory are incorporated. In water, calcula­
tions found that somatostatin contained virtually no heli­
cal structure regardless of whether the disulfide bond 
was intact or not. This agreed well with experiment.
In addition, calculations demonstrated that the helical 
content of reduced somatostatin in SDS was greater than 
that of the nonreduced state. The numbers calculated
216
for these two states were respectively 33% and 22%. The 
33% was the maximum helical contentent calculated for
O
chains restricted to a disulfide distance R „ < 20 A.s .. . s —
If the total fraction helix is examined, calculations 
yield f^ s 24.2%, a number very close to CD studies. The 
number, however, calculated for the conformations of soma-
O
tostatin where R £ 5.5 A (22%) appears a little high.s • • • s
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